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ABSTRACT 
Geochemistry and Petrogenesis of the 
Bonanza King Mafic Intrusive 
Complex, Trinity Terrane 
Ophiolite, California 
by 
Keith R. Wiltse 
Dr. Rodney V. Metcalf, Examination Committee Chair 
Professor of Geology 
University ofNevada, Las Vegas 
The Bonanza King mafic intrusive complex (MIC) (>25 km2) of the Trinity terrane 
ophiolite, northern California, consists of cogenetic plutonic and dike lithologies. Steep 
intrusive contacts exist between cumulate pyroxenite, isotropic gabbro, and peridotite 
country rock. Near vertical east-west trending, bimodal dikes intruded gabbro and are 
centered within the complex. Geochemical modeling indicates that 
accumulation/fractionation of a gabbroic parental magma produced lithologic trends of 
cumulate pyroxenite and fractionated gabbro and dike lithologies. Similarities between all 
lithologies suggest cogenetic formation of all the elements of the Bonanza King MlC 
during the Late Silurian ( 431 +/- 3) 
Parental magma for the Bonanza King MTC formed in an subduction-related 
tectonic setting by partial melting of a depleted mantle enriched by slab-derived fluids. 
iii 
Mafic dike and gabbro lithologies contain extremely depleted high field strength elements 
(Nb 0.09-0.58 ppm) suggesting formation early in the evolution of an intraoceanic 
convergent margin. 
IV 
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CHAPTER 1 
INTRODUCTION 
The Trinity terrane located in the eastern Klamath Mountains, northern California, 
is a large mafic/ultramafic complex that has many ofthe lithologic and structural elements 
of an ophiolite. This research is part of a three-year study designed to determine the 
paleotectonic setting in which the Trinity terrane ophiolite was generated. Possible 
tectonic settings proposed for ophiolite formation include mantle diaper, mid-ocean ridge 
spreading center, back-arc basin, rifted island-arc basement, and extensional forearc. 
Wallin and Metcalf(l998) recently proposed that the Trinity terrane is a supra-subduction 
zone (SSZ) ophiolite forrned in an extensional forearc during initiation of subduction in 
the Early Silurian to Early Devonian. 
Serri ( 1981) stated that tectonic setting of ophiolites can be determined by 
studying fractionation trends of associated intrusive complexes. Several mafic intrusive 
complexes (MICs) in the Trinity terrane consist of intrusive and hypabyssal crust. The 
Bonanza King MIC consists of two distinct units; (I) a mafic pluton, and (2) a dike swarm 
emplaced into the pluton (Wallin and Metcalf, 1997; Wallin and Metcalf, 1998). The 
Bonanza King MIC contains lithologic variation in both the pluton and the intruded dike 
swarm and unaltered igneous exposures sufficient for a petrogenetic study (Wallin and 
Metcalf, 1998). 
2 
Purpose of Study 
The purpose of this study is to determine the petrogenesis of the Bonanza King 
pluton and its associated dike swarm through detailed field work, petrography, 
geochemistry, and petrogenetic modeling. This study aims to resolve (1) the age(s) of 
emplacement of the plutonic rocks and associated dike swarm of the Bonanza King MI C, 
(2) the magmatic processes responsible for compositional diversity in the pluton and dike 
swarm, (3) the characteristics of the parental magma(s) that produced the Bonanza King 
MIC, (4) potential genetic relationships between the gabbros and dikes, and (5) a model 
for the petrogenesis of the Bonanza King MI C. Answers to these questions will help 
determine whether the Bonanza King MIC is more like ocean crust formed at mid-ocean 
ridge spreading centers or island-arc environments, thus placing constraints on its 
paleotectonic setting. 
Significance of Study 
Shortly after the plate tectonic theory was introduced, many large ultramafic 
bodies exposed on continental margins were interpreted as accreted pieces of oceanic 
lithosphere produced at mid-ocean ridge spreading centers. These complexes which were 
termed ophiolites, consist of oceanic mantle and crusta! lithosphere. From bottom to top, 
an ophiolite suite consists of deformed peridotites, layered gabbros, isotropic gabbros, a 
sheeted dike complex, pillow basalts, and sedimentary cover (Coleman 1977). Recently, 
many ophiolites have been reinterpreted in an attempt to explain anomalies in ophiolite 
structure and a subduction-zone geochemical signature. Pearce ( 1984) designated 
ophiolites with subduction-zone geochemical signatures as supra-subduction zone (SSZ) 
3 
ophiolites, indicating fonnation above an active subduction zone. Three tectonic settings 
have been suggested as possible sites ofSSZ ophiolite formation. These are (I) back-arc 
basin, (2) rifted island-arc, and (3) extensional forearc (Pearce 1984). 
The significance of this study is to provide (1) insight into the petrogenesis and 
paleotectonic setting of a portion of the Trinity terrane, the largest ophiolite exposed on 
the North American continent (Coleman 1986), (2) a case study for comparison with other 
MICs of the Trinity terrane, and (3) additional research on testing ophiolite genesis. 
CHAPTER2 
REGIONAL GEOLOGY 
The Eastern Klamath Mountains 
The Klamath Mountains of northern California and southern Oregon consist of 
four east-dipping, predominately, intraoceanic-arc complexes, accreted by successive 
underplating during the Mesozoic (Irwin 1989). The Trinity terrane is located in the 
eastern Klamath Mountains, the oldest and eastern-most lithotectonic belt of the Klanmth 
Mountains. The eastern Klamath mountains consists offour lithotectonic terranes; Central 
Metamorphic, Yreka, Eastern Klamath, and Trinity terranes (figure 2.1). Research 
conducted in the eastern Klamath mountains has established genetic relationships between 
the four lithotectonic terranes. Wallin and Metcalf(1998) concluded that the four terranes 
of the eastern Klamath mountains represent an intact convergent margin, formed during 
the Paleozoic and later emplaced on the North American continent. 
The Central Metamorphic terrane has been interpreted as the foot-wall of a east-
dipping Devonian subduction zone (Lanphere et al., 1968; Cashman, 1980; Peacock and 
Norris, 1989). The contact along the eastern margin of the Central Metamorphic terrane 
and the Trinity terrane is an east-dipping thrust fault (Peacock and Norris, 1989) (Figure 
2.1 ). An inverted metamorphic gradient is preserved in the Central Metamorphic terrane 
and peak metamorphic conditions of650 +/- SO"C existed adjacent to the Trinity trust and 
4 
decrease to -SOO"C 1-5 km below the thrust (Peacock and Norris, 1989). Extensive 
hydration and metasomatism of the Trinity peridotite in the hanging wall of the Trinity 
thrust indicates a link between the Central Metamorphic terrane and the Trinity terrane 
(Peacock and Norris, 1989). 
5 
The Yreka terrane consists of terrigenous metasedimentary rocks that have been 
interpreted as trench deposits related to Early Devonian subduction (Wallin and Trabert, 
1994). Detrital zircons collected from basal deposits of the Yreka terrane yield 410-420 
Ma uranium-lead zircon ages (Wallin and Gehrels, 1995). The zircons are thought to have 
been derived from an eroded volcanic carapace present on the Trinity terrane during the 
Silurian (Wallin and Gehrels, 1995), and link the Yreka and Trinity terranes during the 
Devonian. 
Wallin and Metcalf ( 1998) concluded that the Eastern Klamath terrane represents 
the remnants of a volcanic carapace that covered the Trinity terrane, and not an immature 
island-arc complex as previously suggested (Brouxel et al., 1987; Brouxel et al., 1989). 
Similarities in major and trace elements link the intrusive rocks of the Trinity terrane and 
the Copley-Balaklala volcanic arc rocks of the Eastern Klamath terrane (Wallin and 
Metcalf, 1998; Metcalf et al., 1998). The Eastern Klamath and Trinity terranes are 
bounded on the west and northwest by the Central Metamorphic and the Yreka terranes 
(figure 2.1). Wallin and Metcalf(1998) concluded that if the four terranes of the eastern 
Klamath Mountains represent rock assemblages of an intact convergent margin, the Trinity 
and Eastern Klamath terranes formed in a paleo forearc environment. 
The Trinity terrane is an accreted massif of dominantly ultramafic rock, the largest 
such complex on the North American continent (Coleman 1986). The Trinity terrane 
6 
consists of Neoproterozoic mafic tectonites, Ordovician ultramafic rocks, Silurian to 
Devonian mafic intrusive complexes (MlCs) (cumulate and isotropic gabbro+/- dike 
swarms), Devonian(?) pillow basalts, and Mesozoic plutons (figure 2.2). The Trinity 
terrane has many of the lithologic and structural elements of an ophiolite and forrned in an 
oceanic, extensional environment. 
Geology of the Trinity Terrane 
Neoproterozoic Tectonite and Ordovician Ultramafic Rocks 
The oldest rocks of the Trinity terrane are metagabbros and plagiogranites of the 
Neoproterozoic tectonite and serpentinized peridotite of Ordovician age. The lithologies 
of the Neoproterozoic tectonite (U-Pb zircon 207PbP06Pb ages of556-579 Ma) (Wallin et 
al., 1991) represent a fragment of intraoceanic lithosphere and crop out in the northern 
Trinity terrane adjacent to the Yreka terrane (Wallin and Gehrels, 1995) (figure 2.1 and 
2.2). The Ordovician peridotite represents a mantle assemblage of depleted peridotite, 
dunite, and chromite pods, and makes up the largest unit of the Trinity terrane. Jacobsen 
et al (1984) calculated an Ordovician Sm-Nd mineral isochron age of 472 +/-32 Ma for 
plagioclase lherzolite of the Ordovician peridotite. The Neoproterozoic tectonite and 
Ordovician peridotite are in contact along a ductile shear zone which is intruded by the 
415+/-3 Ma China Mountain pluton. (Wallin et al., 1995) (figure 2.2). 
Cumulate and Isotropic Gabbro 
The boundaries of eight major and several minor intrusive bodies in the Trinity 
terrane were mapped as Ordovician gabbro (Wagner and Saucedo, 1987) (figure 2.2). 
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Subsequent uranium-lead zircon dating of pegmatitic gabbro from several intrusive bodies 
yielded dates spanning Early Silurian to Early Devonian ( 404+/-3 Ma to 431 +/-3) (Wallin 
et al., 1995; Wallin and Metcalf, 1998) (figure 2.3). All of these plutons were emplaced 
into Trinity peridotite. The gabbroic plutons consist of cumulate dunite, wehrlite, 
pyroxenite, and gabbro, and isotropic pyroxene gabbro, hornblende gabbro, hornblende 
diorite, hornblende tonalite, and trondhjemite (Quick 1981; Petersen et al., 1991; Wallin 
and Metcalf, 1998). Dike swarms intrude the 404+/-3 Ma Billy's Peak, 431 +/-3 Ma 
Bonanza King, 404+/-3 Porcupine Lake, and the undated Flume Creek and Mt. Bradley 
plutonic bodies (Wallin et al., 1995; Wallin and Metcalf, 1998) (figure 2.4). 
Dikes 
Dike complexes consist of fine-grained east-west trending dikes intruding both 
plutons and surrounding peridotite. East-northeast striking dikes in the northeastern 
Trinity terrane dip >70° to the north and south and average 0.8 meters in thickness 
(Brouxel and Lapierre, 1988). No isotopic dates are currently available for dikes of the 
Trinity terrane. Dike complexes exhibit wide compositional variations, including ba~alt, 
basaltic andesite, andesite, dacite, and rhyolite (Peterson et al., 1991; Wallin and Metcalf, 
1998). Dikes were emplaced primarily in the center of gabbroic plutons suggesting long-
lived co genetic magma systems involving both the pluton and dike complex (Wallin and 
Metcalf, 1998) (figure 2.4). 
Petersen eta!. (1991) reported five intrusive events for the Billy's Peak mafic 
intrusive complex (MlC), including both pluton and dike emplacement. From oldest to 
youngest, these intrusive phases are gabbro and four dike emplacement events consisting 
of trondhjemite, porphyritic basalt, aphanitic basalt, and late-stage trondhjemite. 
Pillow Basalts 
Metamorphosed pillow basahs and metamorphosed basalts crop out throughout 
the Trinity terrane and are mapped as Copley Greenstone on the Weed quadrangle 
(Wagner and Saucedo, 1987). Brouxel and Lapierre (1988) examined five exposures in 
the northeastern portion ofthe Trinity terrane and noted a spatial relationship between 
pillow lavas and dike swarms. Greenschist facies metamorphism has prevented isotopic 
dating of the pillow basalts (E. T. Wallin, personal communication). 
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Figure 2.1 Regional geologic map of the eastern Klamath Mountains showing the Central 
Metamorphic, Yreka, eastern Klamath, and Trinity terranes (from Wallin et al., 1995; after 
Irwin 1989). 
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Figure 2.2 Geologic map of the Trinity terrane (from Wallin and Metcalf, 1998; after 
Wagner and Saucedo, 1987). Cross-section in figure 2.4 indicated by A-A'. Mafic 
intrusive complexes (MJCs) are labeled as follows: BK =Bonanza King; BP =Billy's 
Peak; C = China Mountain; M = Motmt Bradley; PL = Porcupine Lake; SL = Seven 
Lakes. 
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Figure 2.3 Concordia diagram showing concordant U-Pb ages for the Bonanza King 
(Early Silurian) and Porcupine Lake (Early Devonian) mafic intrusive complexes (from 
Wallin and Metcalf, 1998). 
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Figure 2.4 Geologic cross-section across the southern portion of the Trinity terrane 
based on detailed mapping of the Bonanza King mafic intrusive complex. Line of section 
indicated by A-A' (Figure 2.2). Note the emplacement of near vertical dikes centered on 
plutonic rocks of the Billy's Peak, Bonanza King, and Flume Creek MICs (from Wallin 
and Metcalf, 1998). 
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CHAPTER3 
METIIODS 
Field Data 
Field work began on June 16, 1997 and ended August 8, 1997. Field data for the 
Bonanza King MIC consist of(l) lithologic descriptions, (2) a field map, (3) field 
descriptions, (4) sample collection locations, and (5) structural data from east-west 
trending mafic and felsic dikes. 
Mapping 
The first stage of research involved detailed geologic mapping at 1:24,000 of 
portions of the Bonanza King MIC. Goals of mapping were to (I) identify and map 
lithologies important in the petrogenetic evolution of the Bonanza King MIC, (2) provide 
data on lithologic relations within plutonic and dike complexes, between plutonic and dike 
complexes, and between the intrusive complexes and the country rock, (3) determine 
relative ages of intrusive phases, (4) study the structure of dike swarm(s) and record dike 
orientations, and (5) locate outcrops with sufficient exposure and lithologic variability for 
sample collection. Field observations and rock descriptions accompanied geologic 
mapping and provide information on small-scale diversity important to petrogenetic 
analysis. Field and sample data are contained in Parts 1-3 of Appendix A 
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Sample Collection 
Samples were collected for hand sample, petrographic, and geochemical analysis. 
Approximately three to five pounds of rock were collected per sample. The complete 
spectrum of plutonic lithologies (cumulates, potential parental rocks, and potential 
differentiates) and dike swarm lithologies were sampled. Sampling was restricted to fresh 
samples which contained a low abundance of greenschist minerals. The field map 
provided the information for sampling, and sampling was performed during the last two 
weeks of field work. 
Petrography 
Petrographic techniques aided in rock classification, determination of the extent 
and degree of greenschist metamorphism, documenting compositional variations across 
the MIC, and determination of the order of crystallization. Petrographic analysis was 
most important in identifYing groundmass mineralogy within aphanitic dikes and 
differentiating parental and cumulate samples. Petrographic analysis was also critical in 
separating samples with an abundance of metamorphic minerals from those sufficiently 
fresh for geochemical analysis. 
Geochemistry 
Samples analyzed for geochemistry were restricted to those least affected by 
greenschist facies metamorphism These samples retained original igneous mineralogy and 
textures. A subset (twenty-two) of the least altered samples were analyzed for additional 
trace and rare-earth elements. Part of this subset (fifteen samples) was analyzed for Sr-
Nd-Pb isotope geochemistry. 
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Sample Preparalion 
Two separate rock powders from each of the samples were prepared at the 
University of Nevada, Las Vegas (UNLV) for geochemical analyses. Approximately 100 
grams of rock were powdered for coarse-crystalline samples and SO grams for hypabyssal 
samples. A first batch of powders were prepared using a crusher with tungsten-carbide 
plates and powdered in a tungsten-carbide shatter box. These powders were analyzed for 
major and trace element geochemistry by X-ray fluorescence spectrometry (XRF) and 
isotope geochemistry using a thermal ionization mass spectrometer (TIMS). A second 
batch of powders were prepared using an iron-plate crusher and an iron shatter box to 
avoid potential Ta and Nb contamination by tungsten-carbide equipment. These powders 
were analyzed for additional trace and rare-earth elements using an inductively coupled 
plasma mass spectrometer (ICPMS). 
XRF Analysis 
Thirty-six fused dikes (sample/flux= I .5) were made using 8.5000 +/- 0.0005 
grams lithium tetraborate plus 0.2740 to 0.3000 grams ammonium nitrate plus L 7000 +/-
0. 0005 grams sample for XRF analysis at UNL V. Mixtures were melted at II 00° C for 
30 minutes in Au-Pt crucibles and quenched in Au-Pt molds. Samples were analyzed for 
major element oxides and Rb, Sr, Zr, Y, Nb, Cr, and Ni using a Rigaku 3030 XRF 
spectrometer (Part I of Appendix B). Precision and accuracy for XRF analyses are listed 
in Part 2 of Appendix B. 
Additional Trace Elements 
The following additional trace elements were analyzed at Washington State 
University by ICPMS: La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Ba, Th, 
Nb, Y, Hf, Ta, U, Pb, Rb, Cs, Sr, and Sc. Precision and accuracy ofiCPMS analyses are 
reported in Part 2 of Appendix B. 
Four elements Rb, Sr, Y, and Nb were analyzed by both XRF and ICPMS 
techniques. Rb and Nb concentrations were below the XRF detection limits and ICPMS 
values are reported. Strong correlation exists between XRF and ICPMS analytical 
techniques for Sr and Y, and both produced consistent results in geochemical models. 
Since more samples were analyzed by XRF techniques, these values are reported (Part 1 
of Appendix B). 
Sr-Nd-Pb Isotopes 
Fifteen powders were sent to the University of Kansas for Sr, Nd, and Pb isotope 
analysis Isotopic ratios for Sr, Nd, and Pb are analyzed by thermal ionization mass 
spectrometry (TIMS) using a VG Sector 54 mass spectrometer. This procedure is 
explained thoroughly in Feuerbach et al. (1993). Unfortunately, isotopic analyses took 
longer than anticipated and are not included in this thesis. 
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CHAPTER4 
FIELD DATA 
Important data compiled during field work consists of the following: (l) The 
Bonanza King MIC formed by the crystallization and emplacement of three intrusive 
phases which are from oldest to youngest, pyroxenite, gabbro, and east-west dike phases; 
(2) Lithologic variation occurs in the MIC sufficient for a geochemical and petrogenetic 
study; (3) The geometry of the MIC supports a genetic relationship between the three 
intrusive phases; and (4) Large dike swarms (>2km) support significant extension during 
the formation of the MIC. 
Relative Timing of Events 
Field relations indicate the Bonanza King MIC formed by the crystallization and 
emplacement of three significant intrusive phases; (I) pyroxenite phase (2) gabbro phase, 
and (3) east-west mafic and felsic dike phase. Relative timing of each phase was inferred 
from cross-cutting and xenolith relationships. The pyroxenite phase is the oldest, is 
concentrated along the margin of the pluton, cuts peridotite, and contains peridotite 
xenoliths. The subsequent gabbro phase cuts peridotite and pyroxenite and contains 
xenoliths of both. The east-west dike phase is the youngest, cuts peridotite, pyroxenite, 
and gabbro, and likewise contains the three as xenoliths. 
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Rock Lithologies 
Five rock groups were identified peridotite, pyroxenite, gabbro, east-west mafic 
and felsic dikes, and rare north-south dikes. Names for all coarse-crystalline samples 
(pyroxenite, gabbro, and coarse-crystalline felsic dikes) are based on visual estimates of 
modal mineralogy and the lUGS (International Union of Geological Sciences) 
classification of coarse-crystalline igneous rocks (Streckeisen 1976) (Table I, Part I of 
Appendix A). Hypabyssal samples were classified by geochemistry using the LeBas 
(1986) classification scheme for volcanic rocks (figure 4.1) (Table 1, Part 1 of Appendix 
A). Petrographic and geochetnical descriptions of samples are in the following two 
chapters. 
Peridotite 
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Peridotite country rock adjacent to the Bonanza King MlC consists dominantly of 
serpentinized dunite. Original tnineralogy consists of olivine and minor orthopyroxene, +/-
clinopyroxene. Altered lherzolite and harzburgite are the remainder of the adjacent 
country rock and original mineralogy consists of olivine, orthopyroxene, clinopyroxene, 
+/- chromite, and +/- spinel. 
Pyroxenite 
Pyroxenite consists of cumulate olivine clinopyroxenite, cumulate clinopyroxenite, 
and heterogeneous pyroxenite/gabbro lithologies (Table I). Pyroxenite is composed of 
medium to coarse-crystalline olivine and clinopyroxene. Most olivine crystals are altered 
to serpentine. Fresh and serpentinized clinopyroxene are present and commonly display 
one or two cleavage planes. Cumulate clinopyroxenite and cumulate olivine 
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clinopyroxenite contain interstitial crystals extensively altered to serpentine. The 
heterogeneous pyroxenite/gabbro lithology is a mix of weakly layered or isotropic gabbro 
and cumulate pyroxenite. Pyroxenite/gabbro consists of a variety of rock types from 
hornblende, plagioclase pyroxenite to olivine, clinopyroxene gabbro. 
Gabbro 
Gabbro lithologies consist of hornblende quartz-gabbro, hornblende 
clinopyroxene-gabbro, hornblende gabbro, and layered hornblende gabbro (Table I). 
Mineralogy consists of plagioclase, hornblende, clinopyroxene, quartz, and opaque oxide 
minerals. Crystal size varies from medium to pegmatitic. The majority of the gabbro was 
emplaced as a pluton, is heterogeneous, and typically contains the full spectrum of crystal 
size and lithologic variability over several meters. Pegmatitic and medium-gabbro was 
emplaced as dikes. Weakly layered gabbro is rare and layering cannot be traced for more 
than a few meters. Orientation oflayering is 303 75N and 296 62N (Part 2 of Appendix 
A). 
East-West Trending Dikes 
Abundant, near -vertical, east -west striking dikes are present in the Bonanza King 
MIC. East-west dikes are bimodal and consist of mafic to intermediate phaneritic and 
aphanitic varieties, and medium-crystalline felsic trondhjemite and tonalite and aphanitic 
rhyolite. Major element classification indicates that mafic to intermediate dikes are low-K 
basalts, basaltic andesites, and andesites (figure 4.1 ). These rocks are discussed in detail 
in Chapter 6. For simplicity, the east-west mafic to intermediate lithologies will be 
referred to as mafic dikes, and felsic dike lithologies as felsic dikes. 
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Mafic dikes are phenocryst-rich (up to 20%) and contain phenocrysts of 
plagioclase, hornblende, and quartz. Rare ground mass crystals of plagioclase and 
hornblende were identified in hand sample The concentration and size of phenocrysts in 
mafic dikes tend to increase toward the center. 
Felsic dike lithologies consist of medium to coarse quartz (2-4mrn), plagioclase, 
and chlorite. From field evidence, it is unclear whether felsic dikes are related to mafic 
dike or gabbro intrusive events 
North~South Trending Dikes 
Several large, but rare, mafic and microgabbro dikes strike north-south and intrude 
all lithologies of the Bonanza King MTC Mafic dikes are aphanitic and most contain 
phenocrysts of plagioclase. Micro gabbro dikes consist of plagioclase, K-feldspar, 
hornblende, and quartz. 
Bonanza King Map 
The majority of the Bonanza King MIC was mapped at a scale of I :24,000 with 
the help of Dr. Rodney V Metcalf and Dr. E Timothy Wallin (Plate I). Areas of 
responsibility are indicated on the map. The eastern contact of the Bonanza King MIC 
was taken from the geologic map of the Weed quadrangle (Wagner and Saucedo, 1987). 
Ten map units were differentiated to provide a framework for geochemical and 
petrogenetic models. 
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Ordovician Peridotite (Op) 
The Trinity peridotite is host to the Bonanza King mafic intrusive complex (Plate 
I). The peridotite map unit consists of all peridotite lithologies ( dunite, lherzolite, and 
harzburgite). Some areas mapped as peridotite are intruded by <30% pyroxenite, gabbro, 
and east -west dikes. 
Pyroxenite (px) 
The pyroxenite unit consists of all pyroxenite lithologies (cumulate 
clinopyroxenite, cumulate olivine clinopyroxenite, and pyroxenite/gabbro). Some areas 
mapped as pyroxenite are intruded by <30% gabbro and east-west dikes. Areas mapped 
as pyroxenite may contain up to 5% peridotite xenoliths. 
Pyroxenite is concentrated along the margin of the Bonanza King MIC (Plate 1 ). 
Pyroxenite was emplaced as both plutons and dikes, and map geometries indicates steep 
contacts between pyroxenite and country peridotite. Sharp and steep contacts between 
pyroxenite and peridotite occur along the northern, southern, and western margins of the 
pluton (Plate I). Sharp contacts between steeply dipping pyroxenite dikes and peridotite 
country rock were identified in the southeastern part ofthe pluton. This area is a 
structurally complex border zone of the MIC and is dominated by pyroxenite, gabbroic, 
pegmatitic, and east -west mafic and felsic dikes. 
Silurian Gabbro (Sg) 
The gabbro unit consists of all gabbro lithologies (hornblende-quartz gabbro, 
hornblende clinopyroxene-gabbro, hornblende gabbro, and layered hornblende gabbro). 
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Areas mapped as gabbro are intruded by <30% east-west dikes. Gabbro may contain up 
to 5% peridotite and pyroxenite xenoliths. 
The gabbro unit covers the largest area of the Bonanza King MlC (Plate 1). The 
majority of gabbro was emplaced as a pluton. Pegmatitic dikes were emplaced 
contemporaneously with and after gabbro of the main pluton. Although exposure was 
limited, sharp, steep contacts were identified where gabbro intruded peridotite and 
pyroxenite along the southern margin of the MI C (Plate 1). 
Dike Swarm (d5) 
The dike swarm unit consists of>80% east-west striking dikes emplaced into all 
gabbro lithologies. All mafic and felsic lithologies of the east-west dikes may contain up 
to 5% peridotite, pyroxenite, and gabbro xenoliths. 
Mafic and felsic dikes form east-west trending, near-vertical dike swarms. Mafic 
and felsic dikes cut peridotite, pyroxenite, and gabbro lithologies, but dominantly gabbros 
within the center of the plutonic complex (Plate 1 ). Dikes vary from 0.125 meters to 
several meters thick and are separated by screens of gabbro country rock. The margins of 
dikes are commonly finely-crystalline and are interpreted as chill zones. 
Ordovician Peridotite with High Dike Concentrations (Opd) 
The peridotite with high dike concentrations unit consists of all peridotite 
lithologies intruded by 30% to 80% east-west dikes. This map unit is present adjacent to 
the dike swarm mapped in the northern lobe of the Bonanza King MIC. 
Silurian Gabbro with High Dike Concentrations (Sgd) 
The Silurian gabbro with high dike concentrations unit consists of all gabbro 
lithologies intruded by 30% to 80% east-west dikes. Gabbro may contain up to 5% 
peridotite and pyroxenite xenoliths. The Silurian gabbro with high dike concentrations 
unit is present throughout the Bonanza King MIC, generally surrounding dike swarms. 
Pyroxenite Gabbro (px g) 
The pyroxenite/gabbro unit consists of heterogeneous pyroxenite and gabbro. 
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Significant quantities of this lithology were identified in the northern and southern parts of 
the MIC and were mapped separately from pyroxenite. 
Tonalite (0 
The tonalite unit consists offelsic dikes of tonalite lithology. Tonalite was mapped 
separately from the dike swarm map unit in the northern portion of the Bonanza King 
MIC. 
Mesozoic Quartz Porphyry (Mzqp) 
The Mesozoic quartz porphyry unit consists of quartz porphyry emplaced into 
Ordovician peridotite and Devonian greenstone in the southern lobe of the Bonanza King 
MIC. 
Quaternary Cover (Qc) 
Used where float or vegetation covered bedrock eompletely. 
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Description of Map Areas 
Dike Swarm 
A large (>2km) dike swarm is centered on the Bonanza King pluton (central 
portion; Plate 1 ). In the center of the dike swarm, dikes form a resistant north-northwest 
trending ridge which is about 90% exposed (Plate I). Along this ridge, dike 
concentrations are 80-90% with dikes separated by screens of country rock In general, 
sheeted dike-on-dike fields make up resistant, craggy peaks along the ridge, and areas 
between the peaks consist of weathered and broken dikes and less resistant screens of 
gabbro. 
The dike swarm consists of>8S% mafic dikes and <IS% felsic dikes. The mafic 
dikes contain varying amounts of phenocrysts and the emplacement ofphaneritic and 
aphanitic mafic dikes was contemporaneous. East-west mafic and felsic dikes are 
commonly 0.5 meters thick, but vary from 0.25 to 2 meters. Mafic dikes can traced for 
tens of meters. Felsic dikes are commonly 1 meter thick, fractured, and can be traced only 
for several meters. 
Trapped between dikes are screens of gabbro and fragments of pyroxenite and 
peridotite xenoliths, exposed over the entire I 000 meters of vertical exposure (figure 4.2). 
Dike and gabbro screen contacts are more common within the Bonanza King dike swarm 
than dike-on-dike or sheeted-dike geometries common in dike swarms of many ophiolites 
(Moores 1982). Uncommonly dikes in the dike swarm are non-planer. Non-planar dikes 
appear to be the result of local deviations in fracture orientation. Several dikes may 
display similar geometries suggesting control originally by fracturing and then by the 
presence of earlier emplaced dikes. Irregularity in dike geometries allowed the 
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preservation of screens of peridotite, pyroxenite, and gabbro. Despite local variation in 
dike orientation, the majority of dikes of the dike swarm have a consistent east-west strike 
and near-vertical dip. 
Geometry of the Dike Swarm 
Dike swarms in ophiolites may be sheeted or terminate perpendicular to strike as 
commonly seen in ancient volcanic conduits. Sheeted dike swarms are relatively 
continuous and occur at structurally high levels in ophiolites. At depth, sheeted dikes 
often grade into isotropic gabbros as interpreted for many dike swarms of mid-ocean ridge 
crust (Moores 1982). The dike swarm of the Bonanza King MIC exhibits intrusive 
contacts on all sides and preserves the shape of an ancient volcanic conduit. 
Termination of dikes are abrupt and a steep contact between the dike swarm and 
gabbro exists along the western contact. This sharp contact can be observed along the 
3800 foot contour, near a partially overgrown dirt road, east of state road 3 (Plate 1 ). 
Most gabbro has broken away, but slabs exist and coat the west face of the outcrop 
(figure 4.3). Thinning of dikes near their termination was not observed. Some dikes 
extend beyond this contact and define the Silurian gabbro with high dike concentrations 
unit Only a thin band of that unit exists along the northern and northwestern margin of 
the dike swarm. 
Margin of Bonanza King Mafic Intntsive Complex 
The area around the Bonanza King lookout tower is a border zone of the mafic 
intrusive complex (Plate I) and contains evidence of the relative timing of intrusive 
phases. This area is north of the lookout tower, and both east and west ofthe prominent 
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Bonanza King ridge (Plate I). The area was mapped as Silurian gabbro (Sg) and Silurian 
gabbro with high dike concentrations (Sgd). Significant are abundant xenoliths, and 
pyroxenite dikes, pegmatitic gabbroic dikes, and east-west striking dike lithologies. The 
area is approximately 50% exposed. 
Xenoliths indicate the relative timing of intrusive events. Several large (up to 10 
meters) peridotite xenoliths in gabbro occur in the border zone (figures 4.4 and 4.5). 
Peridotite xenoliths usually consist of serpentinized dunite that was sloped from wall-rock 
during emplacement At high levels in the MIC, peridotite roof pendants are intruded by 
gabbro The peridotite at the Bonanza King lookout tower is one of these roof pendants 
(Plate 1 ). 
Pyroxenite xenoliths are typically smaller than peridotite xenoliths, generally one to 
three meters in diameter, and are entrained in gabbro. Small (6 em) gabbro xenoliths 
occur in mafic dikes west of Bonanza King ridge (Plate 1 ). 
Similar orientation of sub-parallel, steeply dipping pyroxenite, gabbro, and east-
west dikes present along the margins of the MIC, suggest emplacement in a similar stress 
field. Pyroxenite dikes are typically one to three meters wide and can be traced for several 
ten's of meters. Pyroxenite dikes are planar and are often cross-cut at high angles by 
pegmatitic and east-west dikes. Pegmatitic gabbro dikes are typically one-half to one 
meter wide, but may be as wide as two meters. East-west dikes along the border of the 
MIC are similar to those of the dike swarm. 
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Sampling Locations 
Limited exposure, the lack of roads within the Bonanza King MIC, and weathering 
of outcrops at low elevations along creeks limited the choice of sampling locations. The 
majority of samples collected for petrographic and geochemical analyses were restricted to 
high levels in the mafic intrusive complex. Sample locations are listed in Part 3 of 
Appendix A. 
Structural Data on East-West Dikes 
Strike and dip data for mafic and felsic dike lithologies are displayed on 
stereographic nets in figure 4. 6 and listed in Part 2 of Appendix A Sixty-seven 
orientations were recorded within and north of the dike swarm ( ds) and cover over a two 
kilometer horizontal distance. South of the dike swarm, eighty-four orientations over a 
half a kilometer were recorded within Silurian gabbro with high dike concentrations (Sgd) 
and Silurian gabbro (Sg) map areas. Dikes within and north of the dike swarm strike east-
west and dip steeply to the north and south, varying about a vertical axis (figure 4.6). 
Dikes south of the dike swarm strike west-northwest and dip steeply to the south (figure 
4.6). Similar orientations were recorded for east-west dikes intruding aU lithologies of the 
Bonanza King MIC and country peridotite. 
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Table I. Sample Names 
SAMPLE Name based on crystal size Name based on geochemistry 
977-8 Olivine clinopyroxenite 
978-86 Olivine clinopyroxenite 
978-32 Clinopyroxenite 
978-33 Olivine-bearing cpx, hornblende gabbro 
977-3 Hornblende Gabbro 
977-4 Hornblende Pyroxene-Gabbro 
978-2 Hornblende Quartz-Gabbro 
978-29 Hornblende Quartz-Gabbro 
978-42 Hornblende Pyroxene-Gabbro 
978-58 Hornblende Gabbro 
978-1 Hornblende Quartz-Gabbro 
978-30 Hornblende Pyroxene-Gabbro 
978-34 Hornblende Pyroxene-Gabbro 
978-37 Hornblende Gabbro 
977-2 Porphyritic Diabase Basaltic Andesite 
978-11 Porphyritic Diabase Basaltic Andesite 
978-43 Porphyritic Aphanitic Andesite 
978-50 Porphyritic Diabase Basalt 
978-52 Porphyritic Diabase Basaltic Andesite 
978-9 Porphyritic Diabase Basalt 
978-8 Porphyritic Aphanitic Basaltic Andesite 
978-12 Porphyritic Diabase Basaltic Andesite 
978-40 Aphanitic Basaltic Andesite 
978-44 Diabase Basaltic Andesite 
978-4 Aphanitic Basaltic Andesite 
978-8 Porphyritic Diabase Basaltic Andesite 
978-48 Diabase Basaltic Andesite 
978-51a Porphyritic Diabase Basaltic Andesite 
978-51b Porphyritic Diabase Basaltic Andesite 
978-53 Porphyritic Diabase Basalt 
977-7 Trondhjemite 
978-5 Porphyritic Aphanitic Porphyritic Na-rhyolite 
978-45 Trondhjemite 
978-47 Trondhjemite 
978-54 Aphanitic Na-rhyolite 
978-57 Trondh"emite 
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Figure 4.1 Na20 + K20 (total alkalis) vs. Si02 geochemical classification diagram for 
volcanic rocks (LeBas 1986). Mafic dikes classifY as basalts, basaltic andesites, and 
andesites. Felsic dikes classifY as rhyolites. Discussed in detail in Chapter 6. 
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Figure 4.2 Photograph of dikes in the dike swarm (ds). Dike-on-dike or a sheeted-dike 
geometry is characteristic of the Bonanza King dike swarms, but more commonly gabbro 
screens are entrained between dike lithologies. 
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Figure 4.3 Base of the dike swarm showing termination of east-west dikes of the dike 
swarm perpendicular to strike. This area is along the west contact of the ds and Sgd map 
units. The termination of dikes perpendicular to the strike of the dike is abrupt indicating 
the margin of an ancient volcanic conduit. 
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Peridotite xenolith 
Figure 4.4 Peridotite xenolith (dunite) in hornblende gabbro. This xenolith is 
approximately one by two meters. 
w 
··~ 
Pendotite xenolith 
Figure 4.5 Peridotite xenolith (lherzolite) in heterogeneous gabbro of the Silurian gabbro 
with high dike concentrations map unit (Sgd). This xenolith is approximately 5 by I 0 
meters. 
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Figure 4.6 Equal-area stereoplots of east-west trending mafic and felsic dikes showing 
emplacement during north-south extension (present-day orientation). (A) Dikes within 
and north of the central dike swarm trend east-west and dip steeply to the north and south. 
(B) Dikes south of the central dike swarm strike west-northwest and dip steeply to the 
northeast. 
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CHAPTERS 
PETROGRAPHY 
This chapter contains a summary of petrographic data collected from 36 samples 
of pyroxenite, gabbro, and east-west dike lithologies (Part 1 of Appendix A). Important 
data compiled from petrographic analyses consist of; ( 1) the presence of igneous 
mineralogy and textures and greenschist mineralogy, (2) a varying extent of greenschist 
metamorphism in samples from the MIC, and (3) the crystallization of clinopyroxene prior 
to plagioclase in cumulate lithologies. 
MineralQb>y and Textures 
Gabbroic complexes of ophiolites typically are less altered than overlying pillow 
lavas, and are ideal for geochemical and petrologic studies (Serri 1981 ). The majority of 
mantle and crustal rocks in the Trinity terrane have undergone greenschist facies 
metamorphism. Brouxel et al. (1988) reported that several gabbroic complexes in the 
northern Trinity terrane were extensively altered by the emplacement of dike swarms. 
Several MICs in the northern and southern Trinity terrane, however, contain sufficiently 
unaltered gabbros, including the Bonanza King MIC (Quick 1981; Petersen et al, 1991; 
Wallin and Metcalf, 1998). Petrographic description of samples from the Bonanza King 
MIC indicate original igneous minerals and textures and spatially variable metamorphic 
effects. 
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Pyroxenite 
Two offour pyroxenite samples examined contain primary mineralogies and 
textures. Sample 977-6 consists of 14% olivine, 34% clinopyroxene, I% hornblende, and 
I% opaque minerals and sample 978-86 consists of 5% olivine and 44% clinopyroxene 
(Part 1 of Appendix A). 
Olivine crystals are sub-equant, anhedral, and are as large as I 0 millimeters in 
diameter. Irregular fractures, approximately one-half mm wide, are common and 
diagnostic of olivine crystals. Clinopyroxene crystals are equant to slightly elongate, 
anhedral, and commonly display one well-developed cleavage plane. Hornblende crystals 
are anhedral and often display two cleavage planes. All pyroxenite lithologies contain 
inter-cumulus minerals altered to serpentine (most apparent in sample 977-6). 
Alteration varies among pyroxenite samples. Samples 978-32 and 978-33 are 
more altered than 977-6 and 978-86, and contain original igneous textures, but olivine 
crystals are completely altered to serpentine. Clinopyroxene is less altered and replaced by 
serpentine and actinolite. 
Gabbro 
Gabbro mainly consist of plagioclase and hornblende, and minor amounts of 
clinopyroxene, quartz, and opaque minerals (Part I of Appendix A). 
All gabbros are phaneritic and are dominantly inequigranular. Gabbro is 
hypidiomorphic granular. Porphyritic gabbros contain large hornblende (L5cm) and 
plagioclase (I em) phenocrysts. Rare hornblende phenocrysts are poikilitic, containing 
cores of clinopyroxene. Most gabbro samples are isotropic. Samples 978-5 and 977-4 
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exhibit with weak layering of plagioclase and hornblende crystals and contain a gradation 
in grain size (inequigranular seriate texture), 
Plagioclase varies from fresh to extensively altered in a single sample, Fresh 
plagioclase is typically unzoned, elongate, and contains albite twinning, Plagioclase is 
typically altered to saussurite and zoisite, Saussurite has high relief and appears as a fine, 
brownish mass in plane-polarized light. Hydrothermal alteration of plagioclase produced 
saussurite, a fine crystalline mass which commonly consists of very fine sericite, chlorite, 
zoisite, +/-epidote, Anomalous blue zoisite crystals (0.2mm) often are interspersed with 
saussurite. 
Fresh hornblende is brown in plane-polarized light and often displays two cleavage 
directions, Large prismatic hornblende crystals are often replaced by actinolite, Actinolite 
is light green and slightly pleochroic in plane-polarized light. Rare tremolite is present as 
fibrous aggregates, 
Clinopyroxene crystals completely altered to serpentine or actinolite are present in 
the core of hornblende crystals. Minor epidote occurs in gabbro lithologies. Olivine was 
not identified in any of the gabbro samples. 
Mafic Dikes 
Mafic dikes consist of igneous hornblende, plagioclase, clinopyroxene, quartz, and 
minor opaque minerals (Part I of Appendix A). 
The majority of mafic dike samples are porphyritic. Hornblende and plagioclase 
phenocrysts are as large as I 0 mm in size. Plagioclase crystals are anhedral to subhedral, 
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rarely euhedral, and are generally 2 by 3 mm. Hornblende is equant to elongate, anhedral 
to subhedral, and crystals are typically I by 3 mm. 
Porphyritic diabase dikes contain higher phenocryst concentrations (I 0-20%) than 
aphanitic dikes (1-5%). Samples 978-12 and 977-2 are typical porphyritic diabase samples 
and contain 12-15% phenocrysts Samples 978-50 and 978-52 contain large (up to 10 
mm) phenocrysts and the highest concentration of phenocrysts (approximately 15-20%). 
Groundmass is inequigranular porphyritic. The groundmass of most dike samples consist 
is hypidiomorphic granular. 
Alteration of mafic dike lithologies is similar to alteration of gabbro lithologies. 
Hornblende is replaced by actinolite and plagioclase by saussurite and zoisite. Greenschist 
mineralogy in mafic dike lithologies varies from sample to sample. Several mafic dike 
samples (978-8, 978-11, and 978-43) contain a low abundance of greenschist minerals 
(<75%) (Part I of Appendix A). 
Mafic dike sample 978-40 contains abundant euhedral hornblende and plagioclase 
and lacks greenschist alteration minerals. This north-south trending dike contains a 
different texture and mineralogy compared to other mafic dike lithologies. This sample is 
porphyritic and idiomorphic granular and contain more euhedral plagioclase (58%) than 
east -west mafic dike samples. 
Felsic Dikes 
Felsic dike lithologies contain plagioclase, quartz, +/- opaque minerals, and 
replaced mafic minerals. Crystals vary from fresh to extensively altered. Plagioclase is 
generally fresh, but may be altered to saussurite. Clinopyroxene and hornblende are 
altered to chlorite. Sample 977-7 contains the highest percentage of igneous minerals 
(plagioclase and quartz) of the felsic dike suite. 
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Trondhjemite and tonalite dikes contain phenocrysts of quartz and plagioclase, 
typically 2 mm long, with crystals as long as 5 mm. Chlorite pseudomorphs after 
clinopyroxene and hornblende in porphyritic aphanitic rhyolites are usually less then <I 
mm, but may be as large as 2 mm. All felsic dikes are inequigranular and hypidiomorphic 
granular. 
Order of Crystallization 
Petrographic evidence suggests an order of crystallization of olivine-
clinopyroxene-hornblende-plagioclase. Sample 978-33, an olivine-clinopyroxene-bearing 
hornblende gabbro, contains evidence of olivine and clinopyroxene crystallization prior to 
plagioclase and hornblende. Olivine and clinopyroxene crystals are larger and hornblende 
and plagioclase crystals fill interstices between olivine and clinopyroxene. 
In several gabbro samples (977-3, 978-2, and 978-42) clinopyroxene, typically 
altered to actinolite, is present in the cores of hornblende crystals. Plagioclase and 
hornblende crystals are similar in size, possess interlocking crystalline textures, and 
crystallized simultaneously. Therefore clinopyroxene crystals formed prior to hornblende 
and plagioclase crystals. 
Greenschist Facies Metamorphism 
All lithologies of the Bonanza King MIC contain a significant amount of 
greenschist facies minerals in association with igneous olivine, clinopyroxene, hornblende, 
and plagioclase. Pyroxenite lithologies contain the largest amount of alteration minerals 
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compared to gabbro and east-west mafic and felsic dike lithologies. All lithologies possess 
original igneous textures (interlocking crystalline boundaries) Select samples from all 
lithologies contain original igneous minerals and textures and these were selected for 
geochemical analyses. 
CHAPTER6 
GEOCHEMISTRY 
Major and trace element geochemistry were analyzed for selected samples to 
provide additional data to characterize the evolution of the Bonanza King MIC. 
Geochemical data are listed in Part I of Appendix B. 
Hand-sample analysis and petrography were used to select samples for major 
element geochemistry. Thirty-six samples, four pyroxenite, ten gabbro, sixteen mafic 
dikes, and six felsic dikes, were analyzed out of fifty-one samples collected from the 
Bonanza King MIC. Samples were chosen for major element analysis based on the 
following criteria: (l) The absence of greenschist mineralogy; (2) The sample is part of a 
set that represents a complete spectrum oflithologic variation for each of the three 
intrusive phases; (3) Pyroxenite and gabbro samples were limited to medium-crystalline 
samples with no crystals >5 mm to insure chemical homogeneity; and ( 4) Gabbro samples 
with well developed layering were excluded from analysis. 
In addition to the criteria above, major element geochemistry aided in selecting 
samples for rare-earth, additional trace element, and isotopic analysis. A subset of 
samples analyzed for major elements contained some greenschist alteration that apparently 
affected their geochemistry. These samples were excluded from additional trace element 
and isotopic analysis Twenty-two samples were selected for ICPMS trace element 
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analysis and fifteen for Sr-Nd-Pb isotope geochemistry. 
To facilitate the interpretation process, geochemical data is displayed on Harker 
variation diagrams (figures 6.1; 6.3-6.5). On all diagrams, lithologies ofthe three intrusive 
phases are divided into two groups; a plutonic group and a dike group. The plutonic 
group is composed of pyroxenite (solid squares) and gabbro (solid crosses), and the dike 
group of mafic dikes (open triangles) and felsic dikes (open circles). 
Major Element Geochemistry 
Pyroxenite, gabbro, and mafic dike samples of the Bonanza King MIC are 
subalkaline (figure 6.1 ), lack Fe-enrichment, and follow a calc-alkaline enrichment trend 
(figure 6.2). The following important observations are based on major element Harker 
variation diagrams (figures 6.3a-h): (1) Si02varies from 41-77 wt.% in the sample set 
(pyroxenite 41-52 wt.%, gabbro 47-55 wt.%, mafic dikes 49-60 wt.%, and felsic dikes 72-
77 wt. % Si02); (2) A gap between 60 and 73 wt.% Si02 indicates that the Bonanza King 
MIC is a bimodal assemblage; however, the majority of samples have mafic compositions; 
(3) The majority of mafic samples have high MgO (>7wt.%) and low TiOz (<0.8wt.%) at 
specific Si02 ( 41-60 wt. %) concentrations; ( 4) Gabbro and mafic dike lithologies have 
similar compositions and overlap on most major element plots; (5) Within the mafic 
portion of the sample set MgO and CaO exhibit compatible trends and Ti02, Na20, and 
K20 exhibit incompatible trends; (6) Ti02 behaves incompatibly within the pyroxenite, 
gabbro, and mafic dike litholog~es, and compatibly within the felsic dike lithologies (figure 
6.3a); (7) Pyroxenite samples plot at lower Ah03 (3-14 wt.%) and higher MgO (>15 
wt.%) concentrations than gabbro and mafic dike samples with similar Si02 concentrations 
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(figure 6Jb and d); (8) Two mafic dike samples (978-40 and 978-4) plot at significantly 
higher TiOz and K20 (figure 6.3a,g); and (9) A linear relationship exists along all 
lithologies of the three intrusive phases within the sample set (Mg# vs. Si02, figure 6.3h). 
Major Eleme111 C'lass(fication ~~ Mqfic Dikes 
Three of the twelve mafic dike samples classify as basalts, ten as basaltic andesites, 
and one as an andesite using the LeBas ( 1986) major element classification scheme for 
volcanic rocks (figure 6.4). Eight of the basaltic andesites and the andesite sample have 
Si02 >53 wt.% and Mg#s (Mg!Mg+Fe) > 0.6 and are by major element criteria boninites, 
or possess boninitic affinity (Crawford et al., 1989). The other two basaltic andesite 
samples, 978-6 and 978-8, have lower Mg#s. These samples contain more greenschist 
minerals, suggesting alteration may have affected their major element geochemistry. 
Trace Element Geochemistry 
Pyroxenite, gabbro, and mafic and felsic dike lithologies are displayed on trace 
element Harker variation diagrams (figure 6.5a-h). Pyroxenite lithologies display scatter 
on Cr and Ni vs. Si02 diagrams (figures 6.Sa,b). Flat trends are present for pyroxenite 
lithologies on Zr andY vs. Si02 diagrams (figures 6.5c,d). Cr and Ni exhibit compatible 
trends and Zr and Y exhibit incompatible trends for gabbro and mafic and felsic dike 
lithologies (figures 6.5a-d). There is significant scatter in Sr for the mafic portion of the 
data set (figure 6.5e). A hyperbolic curve on incompatible element vs. MgO variation 
diagrams (Zr, Y, and Ce vs. MgO) (figure 6.5f-h) link the three intrusive phases of the 
Bonanza King MIC. Overlap of gabbro and mafic dike samples indicate gabbro and mafic 
dike lithologies possess similar chemistries (figure 6.5a-h). 
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Pyroxenite has the highest Cr (425-2083 ppm) and Ni (234-762 ppm) and lowest 
incompatible element concentrations (Zr- 11.3-16 ppm) of the Bonanza King MIC (figure 
6.5a-c). Sample 977-6 has the highest Cr and Ni of the pyroxenite samples (figures 6.Sa-
b ). Sample 978-33, a pyroxenite/gabbro sample, has a lower concentration of Si02 and 
falls off a linear trend defined by the other three pyroxenite samples on Cr and Ni vs. Si02 
plots (figure 6.5a,b). Pyroxenite has a different trend than gabbro and mafic and felsic 
dike lithologies on Zr, Y, and Sr vs. Si02 diagrams (pyroxenite samples display a flat 
trend) (figure 6.5c-d). 
Gabbro sample 977-3 plots contains significantly higher Cr and Ni concentrations 
than other gabbro samples (Part I of Appendix B). Gabbro lithologies exhibit linear 
trends on Zr andY vs. Si02 diagrams (figure 6.5c,d). A small kink in the data exists on 
Cr, Ni, and Sr vs. Si02 diagrams (figure 6.5a,b,e). 
Linear trends for mafic dike lithologies are present on trace element variation 
diagrams (figure 6.5a-h) except Y vs. MgO in which scatter is present in the mafic dike 
samples (figure 6.Sg). Two mafic dike samples (978-40 and 978-4) plot off linear trends 
at higher Sr and Zr (figure 6.5c,e,l} These samples are also enriched in K20 and appear 
to represent a different evolutionary history than the majority of mafic dike samples. 
Felsic dike lithologies have depleted compatible elements (Cr and Ni), enriched 
incompatible elements (Zr, Y, and Ce), and contain similar Sr concentrations as the mafic 
samples (figure 6.5a-h). Two groups offelsic dikes are displayed on Y and Ce plots 
(figure 6.5d,g,h) and there is a large variation in Zr, Y, and Ce for the felsic dike 
lithologies (figure 6.5c,d,g,h). Although trends among felsic dike lithologies are poorly 
defined, Zr appears to exhibit an incompatible trend and Sr a compatible trend among 
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felsic dike lithologies (figures 6.5c,e) 
Rare-Earlh Elements 
Pyroxenite, gabbro, and mafic dike lithologies display similar chondrite-normalized 
rare-earth element (REE) patterns; all lithologies are between 0.9-lOx chondrite 
concentrations and are slightly light rare-earth element (LREE) depleted (figure 6.6a-d). 
Pyroxenite (<1-2x chondrite) have lower concentrations of light rare-earth and 
heavy rare-earth elements (HREEs) compared to middle rare-earth elements (MREEs) 
(figure 6.6a). Pyroxenite display a convex (upward) REE pattern and a negative Ce 
anomaly. 
Gabbro ( < 1-9x chondrite) display the largest variation in LREE concentrations 
(figure 6.6b). Gabbro lithologies are slightly LREE depleted, display flat REE patterns, 
and some samples display small positive or negative-Eu anomalies. 
Mafic dike lithologies ( 1-1 Ox chondrite) have small variations in LREE 
concentrations between samples (figure 6.6c). Chondrite-normalized REE patterns are 
flat to slightly convex (slightly higher MREE than HREE concentrations). Sample 978-40 
is LREE enriched ( 50-60x chondrite) and unique compared to other mafic dike samples, 
and to all lithologies of the Bonanza King MIC. 
Felsic dike lithologies (3-!0x chondrite) display two patterns on chondrite-
normalized spider diagrams; (I) a concave pattern with a positive-Eu anomaly and (2) a 
convex pattern with a negative-Eu anomaly (figure 6.6d). The positive-Eu anomaly felsic 
dikes are slightly u-shaped with low MREE concentrations. The negative-Eu anomaly 
felsic dikes display flat REE to slightly LREE depleted patterns, similar to pyroxenite, 
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gabbro, and mafic dike patterns. 
Trace Elemenls Normalized to MORB 
Three general characteristics of all lithologies of the Bonanza King MTC are 
displayed on MORE-normalized spider diagrams (figure 6.7a-d): (I) An enrichment in 
large ion lithophile (LIL) elements (Sr, K, Rb, and Ba) and Th relative to high field-
strength elements (HFSEs) (Zr, Ti, Ta, Nb, Y and Yb); (2) A negative Nb anomaly 
relative to Th and Ce; and (3) Regarding HFSEs, all lithologies are depleted in Zr, Ti, Y, 
and Yb, and extremely depleted in Ta and Nb. 
For pyroxenite, no trace element concentrations are above MORB concentrations 
(figure 6. 7a). Pyroxenite lithologies display positive spikes at P and Zr that are not 
present in gabbro, mafic dike, and felsic dike lithologies. 
One gabbro contains LIL and Th concentrations equal to or slightly greater than 
MORB concentrations (figure 6. 7b ). Erratic variation in the trace element concentration 
of LIL elements K and Rb occurs among gabbro samples. Large-ion lithophile elements 
Ba and Sr and REE Th display less erratic variation and more systematic enrichment 
among gabbro samples. 
Mafic dike lithologies contain higher trace element concentrations then pyroxenite 
and gabbro lithologies (figure 6. 7c). LIL and Th concentrations for several mafic dike 
lithologies are MORB-enriched. The north-south trending mafic dike (978-40) is enriched 
in the majority of trace elements relative to MORB and all other mafic dikes. 
Felsic dike lithologies have a significant negative Ti anomaly and enriched Zr and 
Hf concentrations that are not present in pyroxenite, gabbro, and mafic dike lithologies. 
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The two groups of felsic dikes, distinguished on REE spider diagrams, are less apparent. 
The positive-Eu anomaly felsic dikes possess depleted Y and Yb, and more enriched Zr, 
Hf and the LIL elements compared to the negative-Eu anomaly felsic dikes. 
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diagram for volcanic rocks, from LeBas (1986). Mafic dikes classifY as basalts, basaltic 
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Figure 6.6 Chondrite-nonnalized rare-earth element spider diagrams for (A) pyroxenite, 
(B) gabbro, (C) mafic dike, and (D) felsic dike lithologies. 
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Figure 6.6 Chondrite-normalized rare-earth element spider diagrams for (A) pyroxenite, 
(B) gabbro, (C) mafic dike, and (D) felsic dike lithologies (continued). 
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Figure 6.7 MORB normalized spider diagrams (Pearce 1983) for (A) pyroxenite, (B) 
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CHAPTER 7 
PETROGENESIS 
This section includes discussion and interpretation of field, petrographic, and 
geochemical data. The following topics are discussed; (I) a cogenetic relationship for 
pyroxenite, gabbro, and mafic and felsic dikes, (2) order of mineral crystallization, (3) 
greenschist facies metamorphism, (4) identification of primary and parental magmas, and 
(5) models for the geochemical differentiation of pyroxenite, gabbro, and mafic and felsic 
dikes. 
Cogenetic Evolution of the Three 
Intrusive Phases of the 
Bonanza King MIC 
Field, petrographic, and geochemical data suggest cogenetic evolution of all 
intrusive phases of the Bonanza King MIC. Co genetic evolution of pyroxenite, gabbro, 
and dikes is supported by evidence of a shared emplacement center, cumulate and evolved 
lithologies, emplacement under similar north-south extensional stress regimes, and similar 
geochemistry. 
The Bonanza King MIC is a nested intrusive complex in which pyroxenite, gabbro, 
and dikes form a concentric map pattern (Plate 1 ). The emplacement of younger phases is 
centered on older phases. Pyroxenite, the earliest phase, occurs along the margin as dikes 
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and at lower structural levels as pluton of the mafic intrusive complex. The gabbro pluton 
is centered on pyroxenite and the dike swarm is centered on the gabbro pluton (Plate 1 ). 
The presence of cumulate pyroxenite and gabbro (olivine clinopyroxenite, 
clinopyroxenite, heterogeneous pyroxenite/gabbro, and layered gabbro lithologies) and 
non-cumulate gabbro indicate a co genetic evolution. Cumulate lithologies occur at low 
structural levels in the MIC and along its margins. These areas potentially represent the 
floor and walls of a crystallizing magma chamber and areas of crystal accumulation. Most 
gabbro lacks cumulate textures, occurs structurally higher within the MI C, and represents 
liquids of an evolving magma chamber. Gradational change in mineralogy, from olivine-
clinopyroxene to hornblende-plagioclase, is observed in the pyroxenite/gabbro map unit 
and supports a genetic relationship between cumulate pyroxenite, cumulate gabbro, and 
fractionated gabbro. Similar mineralogy among gabbro and mafic and fel~ic dikes 
(plagioclase and hornblende) suggest a common link for the entire mafic intrusive 
complex. 
Pyroxenite, gabbro, and dikes were emplaced during a similar tectonic event, 
dominated by present-day north-south extension (present orientation of the terrane) (Plate 
I). Portions of each intrusive phase occur as generally east-west trending and steeply 
dipping dikes. Some pyroxenite and gabbro was emplaced as east-west trending dikes, 
which formed as extension opened conduits for the emplacement of crystal-rich magmas. 
Abundant mafic and felsic dikes were intruded on the margin of the MIC, adjacent to 
pyroxenitic and gabbroic dikes. East-west dikes commonly are sub-parallel and chilled 
against these pyroxenitic and gabbroic dikes. 
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Similar geochemistry provides the most compelling evidence for cogenetic 
evolution of pyroxenite, gabbro, and mafic and felsic dikes. Trace element spider 
diagrams display similar patterns for all lithologies ofthe Bonanza King MIC (figure 6.7). 
Pyroxenite, gabbro, and mafic and felsic dikes share specific major and trace element 
characteristics (high Mg#, low Ti02, high LILEIHFSE, and MORB depleted trace element 
patterns; see discussion in Chapter 6) that suggest a common evolutionary history. 
Order of Crystallization 
The order of crystallization of the cumulate and intrusive rocks of the Bonanza 
King MIC is olivine - clinopyroxene - plagiocla~e - hornblende. This mineral paragenesis 
is based on the emplacement history of the Bonanza King MIC and petrography. 
Pyroxenite contains olivine, clinopyroxene, and lacks plagioclase. Gabbro contains 
dominantly clinopyroxene, plagioclase, and hornblende, and were emplaced and 
crystallized after the pyroxenite. Textures olivine- and clinopyroxene-bearing gabbro and 
layered gabbro samples, indicate olivine - clinopyroxene - plagioclase order of 
crystallization in cumulate rocks. 
Olivine - clinopyroxene - plagioclase order of crystallization for cumulate and 
plutonic rocks of the Bonanza King MIC is the same as crystallization sequences of rocks 
formed in island-arc, as opposed to mid-ocean ridge, tectonic settings (Pearce 1984), and 
will be discussed in the next chapter. 
Greenschist Facies Metamorphism 
Metamorphism in the Bonanza King MIC consists predominately oflow-grade 
metamorphic minerals, is highly variable from outcrop to outcrop, and is related to 
increased temperature from multiple intrusive events. Common secondary minerals are 
saussurite (fine chlorite, sericite, and zoisite), zoisite, actinolite, and serpentine. 
Saussurite, zoisite, and actinolite are formed under low- to medium-grade metamorphic 
conditions when associated with mafic and ultramafic rocks (Nesse, p. 193, p. 225). 
Serpentine is associated with a range of metamorphic conditions, including low-
temperature metamorphism of ultramafic rocks (Nesse, p. 246). 
Serpentine replaces olivine and clinopyroxene in pyroxenite lithologies and 
alteration occurred during the emplacement of plutonic gabbro. The emplacement of 
mafic intrusive complexes in the Trinity terrane peridotite produced extensive 
serpentinization of the peridotite country rock (Quick et al., 1981; Serri et al., 1995). 
Heat from the Bonanza King pluton sinlllarly affected country rock including previously 
emplaced pyroxenite. 
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Saussurite and zoisite replace plagioclase, and actinolite replaces hornblende and 
clinopyroxene in gabbro, mafic dike, and felsic dike lithologies. The extent of alteration 
varies from dike to dike indicating metamorphism within mafic dikes is also related to 
increased heat and ensuing emplacement events. Emplacement of subsequent dike swarms 
and dike concentrated areas appears to have produced low-temperature metamorphism of 
gabbro and early mafic and felsic dikes. 
Evolution of the Bonanza King MlC 
Parental Magma of the Bonanza King MIC 
Magma with >0.7 Mg#, 400-500 ppm Ni, >I 000 ppm Cr, and <50 wt.% Si02 is in 
equilibrium with typical upper mantle mineralogy (olivine+ cpx + opx +/-garnet+/-
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spinel) (Wilson 1989, p. 181). Phenocryst-poor rocks with this composition may 
represent primary melts in cases where the magma is solely mantle-derived. Primary 
magma compositions are more difficult to determine for magma in equilibrium with mantle 
beneath island-arcs, as the mantle wedge is commonly metasomatized by slab fluid or 
melts (Wilson 1989, p.181 ). Estimates for primary basaltic magmas of island-arcs indicate 
typical concentrations of>6 wt. % MgO, 250-300 ppm Ni, and 500-600 ppm Cr (Perfit et 
a!., 1980). 
HighMgO (18.8-24.1 wt. %), Cr (1184-2082 ppm), and Ni (276-762 ppm) 
concentrations indicate that pyroxenite is cumulate and does not represent liquid 
compositions. Gabbro sample 977-3 (12.5 wt.% MgO, 587 ppm Cr, and 172 ppm Ni) 
and mafic dike sample 978-44 (8.6 wt.% MgO, 353 ppm Cr, and 107 ppm Ni) have near 
primary island-arc magma compositions and indicate that the Bonanza King MIC evolved 
from parental magmas with near primary mantle-derived compositions. Gabbro parental 
magma appears to be derived by olivine fractionation of an island-arc primary magma 
(gabbro sample 977-3 has lower concentration for Ni thao a primary island-arc magma) 
and mafic dike parental magma by olivine and clinopyroxene fractionation (mafic dike 
sample 978-44 has lower Ni and Cr concentrations than a primary island-arc magma). 
In addition, trace element patterns for pyroxenite, gabbro, and mafic and felsic dike 
lithologies support an island-arc parental magma for the Bonanza King MIC. MORE-
normalized spider diagrams (Pearce 1983) indicate island-arc parental magmas contain: (I) 
a depleted HFSE signature and extreme depletion ofNb and Ta, and (2) and enrichment in 
LII.Es ru1d Tb. Pearce (1984) designated these mantle and subduction components, 
respectively. The source of parental magma of the Bonanza King MIC is discussed in 
Chapter 8. 
Differentiation of Pyroxenite and Gabbro 
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Trace element models suggest pyroxenite and gabbro can be produced as a single 
crystal accumulation and fractionation event. Fractionation and accumulation equations 
are listed in Appendix C and distribution coefficients in Table 2. A model of 60% 
accumulation of 55% clinopyroxene and 45% olivine from a fractionated basaltic parental 
magma (977-3) fits best data from cumulate pyroxenite samples (figures 7. la,c). 
Similarly, a model of 60% fractionation of 55% clinopyroxene and 45% olivine of a 
basaltic parental magma (977-3) best produces the trend of gabbro differentiation. This 
model is shown on trace element variation diagrams (Ni vs. Cr and Y vs. Ni) (figure 
7.1b,d). 
Differentiation of Mafic Dike Lithologies 
The differentiation of mafic dike lithologies can be explained by the same 
fractionation trends as those of the gabbro lithologies. Gabbro sample 977-3 has similar 
chemistry as mafic dike sample 978-44 and either sample is an acceptable parental magma 
for modeling the mafic dike data set The same model requires 65% fractionation of 55% 
clinopyroxene and 45% olivine of a basaltic parental magma (977-3) (figure 7Jb,d). 
Because mafic dike lithologies evolved from similar mafic compositions as gabbro 
lithologies, replenishment of the magma beneath the Bonanza King MIC occurred after 
crystallization and emplacement of the gabbro lithologies. 
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Two problems exist in modeling mafic dike differentiation as the product of 
fractionation: (1) 65% fractionation is high for hypabyssal rocks; and (2) several major 
oxide and trace element concentrations (Ah03, Sc, and Zr) of mafic dike lithologies show 
little variation in the sample set and are difficult to produce by crystal fractionation alone. 
It is possible that other processes along with fractional crystallization may have 
contributed to the differentiation of mafic dikes. The mafic dike lithologies evolved from 
at least one hatch of replenished magma. It is likely, that several magmas may have 
occupied the magma chamber during emplacement of mafic dike lithologies, and 
interaction of these magmas could also have produced lithologic variation within the mafic 
dikes. While this is likely, the genetic relationship of mafic dikes, cumulate pyroxenite and 
fractionated gabbro supports fractionation as the dominant process of differentiation of 
mafic dike lithologies. 
Differentiation of Felsic Dike Lithologies 
The two felsic dike groups correlate to the two trondhjemite intrusive phases of 
the Billy's Peak MIC (Petersen eta!., 1991). Unfortunately, two samples of each group 
does not provide a sufficient sample set for quantitative chemical modeling. MORB-
normalized spider diagrams indicate fractionation of a Ti-rich phase (negative Ti-spike) +/-
plagioclase (negative Eu-anomaly, compatible behavior ofSr) may have produced the 
felsic dike lithologies. 
Table 2. Distribution Coefficient Values for Accumulation/Fractionation Model 
Trace Elements 
Cr 
Ni 
Sc 
y 
Ce 
Zr 
Trace Elements 
Cr 
Ni 
Sc 
y 
Ce 
Zr 
Distribution Coefficient Values 
Olivine Orthopyroxene Clinopyroxene 
0.1 5 8.4 
8.7 2.6 1.5 
0.17 1.1 2.7 
0.001 0.04 0.3 
0.0005 0.003 0.098 
0.001 003 0.1 
Model for pyroxenite and gabbro differentiation 
D = 45% olivine and 55% clinopyroxene 
4.665 
4.74 
1.5615 
0.16545 
0.05413 
0.05545 
Distribution coefficients compiled by the Center for Volcanic and Tectonic Studies, 
UNLV, from the following sources: Budalm eta!. (1985); Lemarchand et al. (1987); 
Liotard eta!. (1988); Bradshaw (1991). 
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Figure 7.1 Trace element vs. trace element Harker variation diagrams showing an 
accumulation and fractionation model for the differentiation of mafic lithologies 
(pyroxenite, gabbro, and mafic dikes). 60-65% fractionation (55% clinopyroxene and 
45% olivine) of a basaltic magma (gabbro 977-3) produces an accumulation model that 
explains the variation of pyroxenite lithologies and a fractionation model to explain the 
variation of gabbro and mafic dike lithologies. The upper diagram displays the 
accumulation and fractionation model and the lower diagram highlights the fractionation 
model. (A-B) Ni vs. Cr; (C-D) Y vs. Ni. 
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Figure 7.1 Trace element vs. trace element Harker variation diagrams showing an 
accumulation and fractionation model for the differentiation of mafic lithologies 
(pyroxenite, gabbro, and mafic dikes) (continued). 60-65% fractionation (55% 
clinopyroxene and 45% olivine) of a basaltic magma (gabbro 977-3) produces an 
accumulation model that explains the variation of pyroxenite lithologies and a 
fractionation model to explain the variation of gabbro and mafic dike lithologies. The 
upper diagram displays the accumulation and fractionation model and the lower diagram 
highlights the fractionation model. (A-B) Ni vs. Cr; (C-D) Y vs. Ni. 
CHAPTERS 
ISLAND-ARC TECTONIC SETTING 
FOR THE BONANZA KING MIC 
Subduction Zone Component 
Trace-element spider diagrams can provide information about the relative trace-
element concentrations of a magma source. Pearce et at (1984) utilized mid-ocean ridge 
basalt (MORB) normalized spider diagrams to discriminate between igneous rocks that 
carry mid-ocean ridge basalt (MORB) or supra-subduction zone (SSZ) geochemical 
signatures. Pearce (1983) selected a suite oftrace elements that represent a mantle 
component (non-enriched trace elements Ta, Nb, Zr, I-If, Ti, Y, and Yb with respect to 
MORB) and a subduction component (enriched trace elements Sr, K, Rb, Th, +/- Ce, P, 
and Sm with respect to MORB). All selected trace elements have similar liquid-crystal 
distribution coefficients such that fractional crystallization affects the concentration of 
selected trace elements, but not trace-element patterns. Trace-element patterns indicate 
characteristics of the magma source or sources. 
The major difference between volcanic rocks, hypabyssal, and plutonic rocks of 
SSZ ophiolites and those from MOR ophiolites is the presence or absence of a subduction 
component. On MORB-normalized spider diagrams N-MORB lavas plot as a flat line and 
indicate the relative trace-element composition of the mantle source of normal mid-ocean 
ridge basalts (Pearce et al, 1984) (figure 8.la). Enriched-MORB and oceanic-island 
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basalt (OIB) display concave downward patterns on these MORB-nonnalized 
spider diagrams (Pearce et al., 1984) (figure 8.la). It is generally accepted that enriched-
MORBs fonn as a partial melt of a metasomatized source composed of MORB mantle 
enriched by melts of a fertile mantle source (OIB) (Pearce ct al., 1984) (figure 8.Ia). 
Pearce et al. (1984) recognized that island-arc (IA) or SSZ magmas consist of a 
mantle component similar to MORB, and an enriched (subduction) component. A 
baseline can be extrapolated through trace elements that represent the mantle component 
(figure 8.lb). The area beneath this line represents the relative trace-element composition 
derived from the mantle component of the parental magma. Elements that plot above this 
baseline (Sr, K, Rb, Ba, Th, +/- Ce, P, and Sm) are enriched and represent the subduction 
component (figure 8.lb). These elements are transported with fluids released from 
subducted oceanic crust during heating and dehydration of this subducted material (Pearce 
et al., 1984). Slab-derived fluids are incorporated and enrich the overlying mantle wedge 
in subduction-zone settings (Pearce et al., 1984). 
All rocks of the Bonanza King MJC have an IA or SSZ trace-element signature 
(figure 8.2). Several mafic dikes are phenocryst-poor and best represent magma 
composition. These phenocryst-poor mafic dikes are enriched in all trace elements that 
indicate a subduction component (Sr, K, Rb, Th, Ce, P, and Sm) relative to trace elements 
that represent the mantle component (Ta, Nb, Hf, Ti, Y, and Yb) (figure 8.2a). Trace-
element patterns are similar among phenocryst-poor aphanitic dikes and all other mafic 
dike and gabbro lithologies of the Bonanza King MJC (figure 8.2b). 
In addition, MORB-nonnalized spider diagrams indicate a depleted mantle source 
for the Bonanza King parental magma. All trace elements that represent the mantle 
component (Ta, Nb, Hf, Ti, Y, and Yb) plot below one on MORB-normalized spider 
diagrams. 
Depleted Source 
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The composition of the mantle prior to addition of a subduction component is 
indicated by the area beneath mantle-derived elements (Nb, Ta, Hf, Zr, Ti, Y, and Yb) on 
spider diagrams (Pearce et aL, 1984). In mature island-arcs, the mantle wedge is inferred 
to consist of fertile MORB mantle (FMM), the same mantle source for MORBs (Pearce et 
aL, 1993). Low degrees (-5%) of melting of a FMM generally produce magmas with high 
concentrations of the most incompatible elements (Pearce et aL, 1993). When the FMM 
undergoes moderate to high degrees (-S-20%) of partial melting, the incompatible 
elements are removed in similar proportions (flat pattern on MORB-normalized spider 
diagrams) (figure 8.1 b). Trace-element patterns for MORBs, and the mantle component 
of mature island-arc tholeiites, are flat on MORB-normalized spider diagrams (Pearce et 
al., 1993) (figure 8.1b ). These patterns indicate moderate to high degree partial melts of a 
fertile MORB source or slightly depleted MORB source (flat line pattern for the mantle 
component that plots below one on MORB-normalized spider diagrams) (figure 8.1 b). 
Melting of the residue mantle left from MORB generation (residue MORB mantle 
or RMM) produces magmas more depleted in incompatible elements than those generated 
from FMM. Such a depleted signature has been recognized for boninites and related arc 
tholeiites of the Marianas forearc, that have very depleted high field-strength (Ti andY) 
and rare-earth (Yb and Lu) elements (0 1-0.2 MORB-normalized values) (Pearce et al., 
1993). 
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Moderate to high degree (-5-20%) partial melts of variously depleted sources 
result in magmas most depleted in highly incompatible elements (Pearce et aL, !993). 
Gabbro and mafic dike samples are most depleted in highly incompatible elements (Ta and 
Nb) and less depleted in highly and moderately incompatible elements (Zr, Ti, Y, and Yb) 
that characterize the mantle component (figure 8.2). These patterns indicate that parental 
magmas of the Bonanza King MIC formed by moderate to high degrees of partial melting 
of a depleted mantle source (RMM). 
Trace Element Source Models 
Trace-element models were constructed to test hypotheses proposed for the 
evolution of the Bonanza King MIC. These hypotheses are: (1) The enriched trace 
element signature for rocks of the Bonanza King MTC were derived by dehydration or 
partial melting ofsubducted oceanic crust; (2) The source of parental magmas for the 
Bonanza King MTC was a depleted, residual MORB mantle source; and (3) The Bonanza 
King MTC formed in an island-arc (IA) as opposed to a mid-ocean ridge (MOR) tectonic 
setting. 
Mantle Component 
In the models, two mantle sources for parental magmas of the Bonanza King MIC 
were considered, (1) fertile MORB mantle, and (2) depleted MORB mantle (figure 8.3a). 
Fertile mantle is the typical source for MORB (Wilson 1994, p.l89). Both fertile and 
depleted MORB mantle are potentially present in the mantle wedge above subduction 
zones, and are potential sources for island-arc magmas (Wilson 1994, p. 189). 
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Fertile and depleted mantle values were ealculated using Pearce et al. (1983) 
normalizing values for MORB (Table 3). It was assumed that MORB is produced by 20% 
partial melting of a fertile mantle source (minimum estimate for MORB primary melts of 
lherzolite mantle) (Wilson 1994, p. 1 05). Fertile mantle trace-element concentrations 
were calculated using the modal batch-melting equation, Ct = CJ[D + F(l-D)] (Appendix 
C). For the fertile mantle ealculation, Co= unknown fertile mantle, c, = MORB of Pearce 
et al. (1983), F (fraction of melt generated)= 20%, and D (bulk distribution coefficients) 
are based on a mantle mineralogy olivine: orthopyroxene: clinopyroxene in a ratio 2:3:5 
(Table 5). Depleted mantle values were calculated using C, = c,*D (Appendix C), where 
C1 =fertile mantle and D =bulk distribution coefficients (same as above). Values for 
calculated fertile and depleted mantle sources are listed in Table 3 
Subduction Compo11ent 
Three sources of enrichment of parental magmas of the Bonanza King MIC were 
used in the models; these are (1) slab-derived fluids, (2) slab-derived partial melts, and (3) 
melts from a fertile mantle source (oceanic-island basalt or OIB). Slab fluids and slab 
partial melts are considered the typical enrichment component in island-arc environments 
(Wilson 1994, p.I89). Oceanic-island basalts (OIB) are the enrichment component for 
enriched MORB. In addition, in several cases OIB may have been involved in mantle 
wedge metasomatism and the formation of island-arc magmas (Hickey-Vargas 1989). The 
three components used in modeling are ( 1) fluid dehydrated from a subducted slab (using 
fluid-mineral distribution coefficients of Ayers et al., 1997), (2) a partial melt of subducted 
slab (adakite sample, from Yogodzinski et al., 1995), and (3) an oceanic-island basalt 
(OID) melt (Sun and McDonald 1989) (Table 4). 
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Trace-element concentrations for a slab-fluid enrichment component (Table 3) 
were calculated using the modal batch-melting equation (Appendix q_ For the slab-fluid 
calculation, C, =unknown fluid composition and F = 5% (Table 4). A MORB source (Co) 
(Pearce 1983) was used to represent the trace-element composition of the slab source 
because MORB provides the best known estimate of the trace-element concentration of 
subducted oceanic crust. Fluid-mineral distribution coefficients from Ayers et al. (1997) 
were used to calculate trace-element partitioning during fluid dehydration assuming an 
eclogite mineralogy (59"/o garnet, 40% clinopyroxene, 1% rutile) of subducted oceanic 
crust (Ayers et al., 1997) (Table 4). 
Models 
Five models were tested (figures 8.4a-e): (l) Partial melting of a depleted mantle 
source metasomatized by fluids released from subducted oceanic crust; (2) Partial melting 
of a fertile mantle source metasomatized by fluids released from subducted oceanic crust; 
(3) Partial melting of a depleted mantle source metasomatized by partial melts of 
subducted oceanic crust; ( 4) Partial melting of a depleted mantle source metasomatized by 
an oceanic-island basalt (Offi) magma; and (S) Partial melting of a depleted mantle source 
metasomatized by fluids from dehydrated subducted oceanic crust and om. 
For each model, a metasomatized source was calculated using Co=(% mantle 
component * trace element concentration) + (% enrichment component * trace element 
concentration) (Appendix C). Each metasomatized source was partially melted (10%) to 
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simulate differentiation processes (partial melting, fractional crystallization, etc.) that 
affect the overall trace-element concentrations of modeled magmas. This procedure is 
based on models ofYogodzinski et al. (1994). Partial melting of the metasomatized 
source was modeled using the non-modal batch melting equation, C1 = CJ[D + F(l-P)], 
(Appendix C). For this calculation, Co= metasomatized source, C1 =unknown melt, F 
(fraction of melt generated)= 10%, P (distribution coefficients based on modal mineralogy 
of melting)= olivine: orthopyroxene: clinopyroxene ratio of2:3:5 (Table 4), and D 
(distribution coefficients based on modal mineralogy ofthe mantle source)= 
olivine: orthopyroxene: clinopyroxene ratio of 7:2: 1 (Table 4 ). 
Model A displays trace-element concentrations for a I 0% partial melt of a 
metasomatized source composed of96% depleted mantle+ 4% slab fluid (figure 8.4; 
Table 5). Model A produced the best-fit model for gabbro and mafic dikes from the 
Bonanza King M!C and model A is the preferred model of the Bonan7..a King MlC. 
Model B displays traee-element concentrations for a 10% partial melt of a 
metasomatized source composed of96% fertile mantle+ 4% slab fluid (figure 8.4; Table 
5). Model B produces a magma enriched in HREE and Nb and Ta compared to gabbro 
and mafic dikes of the Bonanza King MIC. All lithologies of the Bonanza King MIC, in 
fact, have lower Nb and Ta concentrations than a fertile mantle source (figure 8.4; figure 
8.3a). In addition, melting a fertile source does not produce a baseline for elements 
representing the mantle component similar to the baseline interpolated for gabbro and 
mafic dike samples (positive slope baseline) (figure 8.4). A successful model requires a 
more depleted source, therefore Model B is rejected. 
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Model C displays trace-element concentrations for a I 0% partial melt of a 
metasomatized source composed of96% depleted mantle+ 1% slab melt or adakite 
(figure 8.4; Table 5). Model C produces a trace-element pattern similar to those of 
gabbro and mafic dikes of the Bonanza King MIC. When compared to Model A, Model C 
does not fit the data as well. A depleted MORB mantle source metasomatized by 1% 
partial melt of subducted slab (adakite) produced a model magma enriched in trace 
elements, including mantle-derived Ta and Hf, relative to gabbro and mafic dikes of the 
Bonanza King MIC. For this reason, Model Cis rejected. 
Models D and E consider melting of mantle that has been enriched by om and/or 
om and slab fluids (figure 8.4; Table 5). Model D displays trace-element concentrations 
for a l 0"/o partial melt of a metasomatized source composed of 99% depleted mantle + l% 
OIB. ModelE displays trace-element concentrations for a 10% partial melt of a 
metasomatized source composed of95% depleted mantle+ 4% slab fluid+ 1% OIB. 
Model D and Model E have Nb and Ta enrichment not observed in the Bonanza King 
samples. ModelE indicates small amounts ofOIB enrichment increases trace element 
concentration substantially and rejects the possibility of OIB as a second enrichment 
component. 
In sununary, gabbro and mafic dike samples from the Bonanza King MIC are best 
modeled as partial melts of a depleted mantle source that was metasomatized by 
dehydrated fluids of a subducted oceanic crust (figure 8.4, Model A). This model 
supports formation in an island-arc or SSZ tectonic setting. 
J.sland Arc Tectonic Setting: Evidence 
From Tectonic Discrimination 
Diagrams 
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Tectonic discrimination diagrams are commonly used to separate crustal rocks of 
ophiolites into supra-subduction zone (SSZ) and mid-ocean ridge (MOR) paleotectonic 
settings. Particularly useful the are ratios of elements enriched and not -enriched by a 
subduction component (Pearce eta!., 1984). These diagrams utilize elements that are 
least mobile during low-grade metamorphism and alteration_ Th is the only element that 
shows enrichment in SSZ as compared to MOR derived rocks, and is relatively immobile 
during greenschist facies metamorphism. Thfra ratios are commonly used because they 
have similar concentrations and are both incompatible during the evolution of MORB, but 
are decoupled by subduction-zone magmatic processes (Pearce et a!., 1984). The Ta-
Th/3-Hf and Th/Yb vs. Ta!Yb tectonic discrimination diagrams indicate an island-arc 
(V AB and lA) tectonic setting for phenocryst-poor mafic dikes and the majority of all 
diabase dike and gabbro lithologies of the Bonanza King MIC (figure 8.5a,b). 
Tectonic discrimination diagrams can also utilize the depleted HFSE signature of 
supra-subduction zone crustal rocks. Depleted HFSE are commonly plotted against an 
index of fractionation such as MgO, Cr, and Ni_ The Cr vs. Y and the Ti02 vs. mafic 
index (FeO/FeO+MgO) discrimination diagrams separate lavas and fractionated rocks of 
ophiolites into separate fields indicating paleotectonic setting. The Cr vs. Y discrimination 
diagram shows separation ofisland-arc tholeiite (IAT) and mid-ocean ridge basalt 
(MORB) fields. Phenocryst-poor mafic dike, phenocryst-rich diabase dike, and gabbro 
samples plot in the lA T field, and indicate a subduction-related paleotectonic setting for 
the Bonanza King MIC (figure 8.5c). The Ti02 vs. mafic index (FeO/FeO+MgO) diagram 
differentiates fractionation trends of gabbro and diabase dikes from ophiolites formed in 
mid-ocean ridge and island-arc tectonic settings (Serri 1981). Serri (1981) discriminated 
ophiolites based on two distinct fractionation trends, high-Ti and low-Ti. High-Ti 
complexes have MORB compositions and are thought to form in mid-ocean ridge and 
back-arc basin settings. Low-Ti complexes contain a variety of geochemical signatures 
(MORB, island-arc tholeiite, and boninite ), the majority of which display island-arc 
affinities(Serri 1981). 
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All gabbro samples and the majority of mafic dike samples from the Bonanza King 
MIC display a low-Ti fractionation trend (figure 8.5d). The low-Ti fractionation trend 
supports a subduction-related paleotectonic setting for the Bonanza King mafic intrusive 
complex. 
Mafic dike sample 978-40 has a distinctly different chemistry, plots in MORB 
fields on several tectonic discrimination diagrams, and in the high-Ti fractionation field of 
Serri (1981). This sample was collected along the western margin of the Bonanza King 
MIC, is not part of the east-west dike phase, and is related to north-south dike 
emplacement. 
Forearc, Arc, or Back-arc? 
Based on geochemistry, the formation of SSZ ophiolites in a rifted arc or back-arc 
tectonic setting is unlikely (Hawkins 1995; Fryer 1995; and Taylor 1995; Wallin and 
Metcalf, 1998). As extension separates an active arc, magmas produced have a supra-
subduction zone (SSZ), or arc, geochemical signature. As rifting continues, two 
processes occur simultaneously that work against the formation of a significant volume of 
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SSZ crust (Hawkins 1995; Fryer 1995; and Taylor 1995) First, magmas beneath the 
extending crust evolve to more MORB-like chemistries as the zone of extension moves 
away from the subduction zone. Second, magmas form during rifting of an active island-
arc, but in most cases, large amounts of crust do not form until spreading of the arc has 
shifted magmatism towards a back-arc environment. Continued extension may ultimately 
lead to mature spreading and the formation of a back-arc basin. Thus, as magma becomes 
more MORB-like, more crust is formed. The production of a significant volume of SSZ 
crust, from rifting of an island-arc and in back-arc basins, is possible but not likely. 
Data from Deep Sea Drilling Program Leg 125, along the Izu-Bonin-Marianas 
(IBM) convergent margin, indicate Eocene formation of oceanic crust in a forearc 
environment (Bloomer eta\., 1995). Models proposed by Bloomer et al. (1995) suggest 
that extension occurs above subducted oceanic lithosphere during the onset of subduction, 
as a result of slab-rollback along a newly forming subduction hinge. Depleted lithospheric 
magmas, enriched from the release of volatiles and/or melts from the downgoing slab, are 
erupted in areas of extension above subducted crust. Subduction-related extension and 
generation of oceanic lithosphere occurred in the lzu-Bonin-Marianas forearc for about 15 
million years until trench rollback ceased and changed to down-dip subduction, the latter 
resulting in tbrmation of the narrow, well defined ffiM volcanic arc. All rocks formed in 
the Izu-Bonin-Marianas convergent margin were derived from supra-subduction zone 
(SSZ) magmas as opposed to MORB magmas. 
A Paleoforearc Tectonic Settingfor the Bonanza King 
A paleoforearc tectonic setting for the Bonanza King MIC is supported by a lack 
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of crustal rocks with MORB geochemical signatures. One mafic dike sample representing 
rare dikes in the Bonanza King MIC contains enriched MORB trace-element 
concentrations. This sample displays a trace element pattern most like oceanic-island 
basalt and is probably related to later (Mesozoic) magmatic events. 
The presence of depleted and extremely depleted HFSE in mafic dike and gabbro 
lithologies indicates formation in a forearc environment Taylor et al. (1992) noted 
systematic variation in Ti02 concentration along transects of intraoceanic arcs. TiD:z 
concentrations were lowest in ophiolites and volcanic rocks formed in forearc 
environments. Concentrations ofTiD:z increased toward arc environments, and were 
greatest in ophiolitic rocks formed in mature back~arc basins. Taylor et al. (1992) 
attnbuted this variation to changes in the mantle source component across the transect. 
The most depleted mantle is melted within forearc, less depleted in arc, and least depleted 
in back-arc basin environment A depleted, residual mantle source similar to that modeled 
for the Bonanza King MIC indicate a forearc environment. 
It is now apparent that mafic intrusive complexes in the Trinity terrane record a 
long period of subduction-related magmatism. The 398+/-3 Billy's Peak and 431 +/-3 
Bonanza King MICs both display SSZ geochemical signatures and were emplaced ~30 Ma 
apart (Wallin and Metcalf 1998). If magmas of the Trinity terrane were evolving to more 
MORB-like compositions, evidence would potentially exist in younger MICs such as 
Billy's Peak, but this is not the case (Petersen et al, 1991). Evidence of extension (dike 
swarms) and the ~30 Ma duration of magmatism in the Trinity terrane are consistent with 
a forearc tectonic setting for the Bonanza King MIC. 
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Figure 8.1 MORB-normalized spider diagrams for (A) non-SSZ basalts and (B) a SSZ 
basalt (from Pearce et a!., 1983; figures 1,2 p. 78, 79). Non-SSZ basalts include MORB 
(flat pattern) and E-M ORB and OlB (concave downward). SSZ basalts include tholeiitic, 
calc-alkaline, and alkalic basalts of island-arc tectonic settings; trace-element 
concentrations for a tholeiitic basalt from South Sandwich Island are displayed in B. For 
this sample, a baseline is interpolated through trace elements that represent the mantle 
component {Nb, Zr, Hf, Ti, Y, and Yb) and this line represents the relative trace element 
composition of the mantle of island-arc magmas Trace elements that plot above this line 
are enriched by the subduction component (Sr, K, Rb, Ba, Th, Ta, Ce, P, and Sm). 
Typical SSZ basalts display a MORB-depleted pattern for rare-earth and high-field 
strength elements (mantle component) and a MORB-enriched pattern for LILEs (Sr. K, 
Rb. and Ba) +/- Th (subduction component) 
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Figure 8.2 MORB-normalized spider diagrams showing a subduction zone signature tor 
(A) phenocryst-poor aphanitic mafic dikes and (B) all mafic dikes and gabbros from the 
Bonanza King MJC. Phenocryst-poor aphanitic dikes best represent a liquid composition, 
but all mafic dike and gabbro lithologies have similar trace-element concentrations and 
indicate the relative trace element composition of the parental magma source. A baseline 
connects the trace elements that characterize the mantle component (Ta, Nb, HI, Sm, Ti, 
Y, and Yb). The subduction component provided enrichment in Sr, K, Rb, Ba, Th, Ce, 
and P tor mafic dikes and gabbros of the Bonanza King MJC. 
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Figure 8.3 Trace element concentrations for (A) mantle components (fertile mantle and 
depleted mantle) and (B) subduction components (slab fluid, slab melt, and ocean-island 
basalt) used in trace element source models. Values for mantle and subduction 
components are listed in Table 4, partial melting equations used in trace element source 
models are listed in Appendix C, and models are discussed in the text. Values for fertile 
and residual mantle sources were calculated using MORB values of Pearce et al. (1983). 
It was assumed that MORB is produced by 20% melting of a fertile mantle source. Modal 
melting, 2:3:5 olivine:orthopyroxene:clinopyroxene (ol:opx:cpx), of a fertile peridotite 
source was used to determine distribution coefficients. Slab-fluid concentrations were 
calculated by dehydration of 5% of a MORB basalt source (Pearce 1983). Fluid-mineral 
distribution coefficients were experimentally measured for fluid dehydration from 
subducted crust (Ayers et al., 1997) and values were calculated using an eclogite 
mineralogy (59% garnet, 40% clinopyroxene, and I% rutile). Adakite sample V3942Y3 
was used to represent a slab melt (Yogodzinski et al., 1995). Oceanic-island basalt values 
are from Sun and McDonough (1989). 
Table 3. Values Used in Trace Element Source Models 
Trace elements MORB OIB Adakite 
in ppm Pearce 1983 Sun Bt sr, 1989 (Sample V3842Y3) 
Yogodzinsld et 81., 1994 
Rb 2 31 30 
Ba 20 350 297 
Th 0.2 4 2.86 
K20 0.16 1.54 2.12 
Ta 0.18 0.19 
Nb 3.5 48 
La 2.5 37 29.6 
Ce 10 80 70.3 
Sr 120 660 2446 
P205 0.11 0.57 0.38 
Nd 7.3 38.5 38.3 
Hf 2.4 3.99 
Zr 90 280 
Sm 3.3 10 6.62 
Ti02 1.41 2.69 0.89 
y 30 29 
Yb 3.4 2.16 0.7 
Depleted Mantle 
0.0112 
0.1115 
0.0003 
0.0007 
0.0016 
0.0452 
0.0200 
0.1200 
1.5485 
0.0021 
0.1841 
0.1339 
1.3659 
0.1361 
0.0899 
1.6046 
0.1707 
Slab FluTtl 
Ayers et 81., 1997 
11.5826 
0.2384 
0.1190 
4.4111 
146.8751 
2.1539 
0.0154 
0.0288 
00 
00 
Table 4. Distribution Coefficients Used in Trace Element Source Models 
Distribution Coefficient Values D for source melting models (2:3:5; ol:opx:cpx) 
Trace Elements olivine orthopyroxene clinopyroxene D = 20% ol, 30% opx, and 50% cpx 
Sr 0.001 0.01 0.1 0.0532 
K20 0.007 0.015 0.03 0.0209 
Rb 0.0001 0.001 0.05 0.02532 
Ba 0.0001 0.001 0.05 0.02532 
Th 0.001 0.01 0.01 0.0082 
Ta 0.001 0.01 0.07 0.0382 
Nb 0.001 0.01 0.1 0.0532 
Ce 0.0005 0.003 0.098 0.05 
P205 0.001 0.008 0.14 0.0726 
Zr O.D1 0.03 0.1 0.061 
Hf 0.001 0.04 0.31 0.1672 
Sm 0.0013 O.D13 0.26 0.13416 
Ti02 0.02 0.1 0.3 0.184 
y 0.001 0.04 0.3 0.1622 
Yb 0.0015 0.049 0.28 0.155 
Distribution coefficients compiled by the Center for Volcanic and Tectonic Studies from the following 
sources: Budahn et al. (1985); Lemarchand et al. (1987); Liotard et al. (1988); Bradshaw 1991. 
Trace Elements 
Sr 
Rb 
Th 
Nb 
Ce 
Zr 
Sm 
y 
Distribution Coefficient Values 
garnet 
0.013 
0.161 
0.05 
0.36 
0.57 
67 
310 
1781 
clinopyroxene 
1.999 
0.065 
2 
0.121 
4.916 
1.879 
106.7 
115.6 
rutile 
0.012 
0.014 
0.1 
3064 
3.1 
364.9 
0.546 
2.15 
Distribution coefficients from Ayers et at. (1997). 
Model for dehydration of subducted crust 
D = 40% garnet, 59% cpx, and 1% rutile 
0.80739 
0.12913 
0.8305 
30.9008 
2.3337 
43.9306 
225.5855 
1097.052 
D = 70% ol, 20% opx, 10% cpx 
0.08064 
0.02518 
0.040064 
0.040064 
0.00864 
0.05664 
0.08064 
0.0786 
0.11252 
0.0822 
0.25044 
0.208832 
0.2468 
0.24244 
0.227 
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Figure 8.4 Trace element models calculated to place constraints on the parental magma 
for the Bonanza King MIC. (A) 10% partial melting of a source composed of96% 
depleted mantle + 4% slab fluid. This model produced the best fit to mafic dike and 
gabbro lithologies of the Bonanza King MIC. Slab fluid concentrations were calculated by 
5% dehydmtion of a basaltic source (Pearce 1983). Distribution coefficients were 
experimentally measured for fluid dehydration from subducted crust by Ayers et al. ( 1997) 
and values were calculated using an eclogite mineralogy (59% garnet, 40% clinopyroxene, 
and I% rutile). Ninety-six percent trace element concentrations of the mantle source 
component and 4% trace element concentrations of the slab fluid component were added 
to approximate a metasomatized source. I 0% partial melting of this source approximates 
differentiation processes responsible for the formation of mafic dike and gabbro 
lithologies. 
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Figure 8.4 Trace element models calculated to place constraints on the parental magma 
source for the Bonanza King Jv[[C (continued). (B) 10% partial melting offertile mantle+ 
4% slab fluid (96% fertile mantle + 4% slab fluid). This model produced a flat trace 
element pattern which differs from patterns of mafic dike and gabbro lithologies. (C) l 0% 
partial melting of a depleted mantle source+ l% slab melt (adakite) (99% depleted mantle 
+ 1% adakite). This model produced trace element concentrations higher then those of 
mafic dike and gabbro lithologies. 
10 
Rock/MORB 1 
.1 
.01~~~~~=-=-~~~~~~~~~~ Sr K Rb Ba Th Ta Nb Ce P Zr Hf Sm 1i Y Yb 
E 
10 
Rock!MORB 1 
'1 
.01 ~~~=-~~~~~~~~~~~~~_. Sr K Rb Ba Th Ta Nb Ce P Zr Hf Sm 1i Y Yb 
* Model; 0 Gabbro; 1::. Mafic dikes. 
92 
Figure 8.4 Trace element models calculated to place constraints on the parental magma 
source for the Bonanza King MIC (continued). (D) I 0% partial melting of a depleted 
mantle source + I% oceanic-island basalt (99% depleted mantle+ I% OIB). This model 
produce enriched trace element concentration (Ta and Nb) not present in mafic dike and 
gabbro lithologies. (E) I 0% partial melting of a depleted mantle source+ I% OIB + 4% 
slab fluid. This model also produces enriched Ta and Nb concentrations not seen in mafic 
dike and gabbro lithologies. Models D and E indicate that an enriched magma source 
cannot produce the trace element subduction-zone signature seen in lithologies of 
Bonanza King MIC. 
Table 5. Summary of Trace Element Source Modeling (Models Displayed in Figure 8.4) 
-----
Model Mantle Component Enriched Component %Mantle %Enriched Model com pared to 
Component Component l11abbro and mafic dikes 
A Depleted Mantle Slab fluid 99% 4% Good fit 
B Enriched Mantle Slab fluid 96% 4% Produced higher concentrations of HFSE, 
different pattern, less pronounced spikes 
c Depleted Mantle Slab melt 99% 1% Similar pattern, higher in concentrations 
of Ta, Ce, P, HI and Sm than samples 
D Depleted Mantle 018 99% 1% Humped pattern, enriched in Nb, Ta 
E Depleted Mantle 018 + Slab fluid 95% 1%018, Humped pattern, enriched in Nb, Ta 
4% Slab fluid 
-- - -- - - --- -- - -
Accepted/Not Accepted 
Model Accepted 
Rejected 
Rejected 
Rejected 
Rejected 
'C! 
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Figure 8.5 Tectonic discrimination diagrams indicating island-arc or supra-subduction 
zone affinities for mafic dike and gabbro lithologies of the Bonanza King MJC (continued) 
(A) Th-Hf/3-Ta (Wood 1980), (B) Th!Yb vs. Ta/Yb (Pearce 1983), (C) Y vs. Cr (Pearce 
eta!., 1984), (D) Ti02 vs. mafic index (Serri 1981). 
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Figure 8.5 Tectonic discrimination diagrams indicating island-arc or supra-subduction 
zone affinities for mafic dike and gabbro lithologies of the Bonanza King MIC (A) Th-
Hf/3-Ta (Wood 1980), (B) Th!Yb vs. Ta/Yb (Pearce 1983), (C) Y vs. Cr (Pearce et al., 
1984), (D) Ti02 vs. mafic index (Serri 1981 ). 
CHAPTER 10 
CONCLUSIONS 
Three intrusive phases, two plutonic and one dike event, produced the Bonanza 
King MIC. From oldest to youngest they are pyroxenite, gabbro, and mafic and felsic dike 
phases. 
Pyroxenite and gabbro are the cumulate and fractionated products of a cry&tallizing 
magma chamber. Mafic and felsic dikes represent replenished magma intruded into 
solidified gabbro. Gabbroic sample (977-3) provides an approximate parental magma 
composition. A model of 60-65% fractionation of 45% olivine and 55% clinopyroxene 
reproduces the chemical variation in pyroxenite, gabbro, and mafic dike suites. Trace-
element spider diagrams indicate the fractionation of a Ti-phase +/- plagioclase for 
crystallization and evolution of felsic dike lithologies. 
A genetic relationship between gabbro and mafic dikes is proposed based on 
similar major and trace element geochemistry (high MgO, low Ti02, depleted HFSEs and 
extremely depleted Nb and Ta) and evolution from a common depleted source. Trace-
element modeling indicates primary magmas formed in an island-arc paleotectonic setting. 
Fluids released from subducted oceanic crust metasomatized overlying depleted mantle, 
enriching the source in LIL elements and Th. This metasomatized source melted, probably 
by decompression and upwelling due to extension in the upper lithosphere. 
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Extremely depleted HFSE, the lack ofMORB geochemical signatures, and island 
arc-geochemical signatures spanning more than a 30 million year time span, indicate that 
MICs of the Trinity terrane formed in a forearc tectonic setting. 
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APPENDIX A PART 1. Sample Classification and Modal Mineralogy- PyToxenite 
SAMPLE 
Name based on texture 
Olivine 
Clinopyroxene 
Hornblende 
Quartz 
Oxides 
Saussurite 
Tremolite 
Serpentine 
977-6 978-86 978-32 978-33 
Olivine clinopyroxenite Olivine clinopyroxenite Clinopyroxenite_ Olivine-bearing cpx, hornblende gabbro 
14 5 0 3 
34 44 0 11 
1 0 0 0 
0 0 0 2 
1 0 0 1 
0 0 0 40 
0 0 0 36 
50 51 100 6 
0 
V-> 
APPENDIX A: PART 1. Sample Classification and Modal Mineralogy - Gabbro 
SAMPLE 
Name based on texture 
Clinopyroxene 
Hornblende 
Quartz 
Plagioclase 
Oxides 
Zoisite 
Actinolite 
Trernolite 
Saussurite 
Chlorite 
Epidote 
Mafic Index 
SAMPLE 
Name based on texture 
Clinopyroxene 
Hornblende 
Quartz 
Plagioclase 
Oxides 
Zoisite 
Actinolite 
Tremolite 
Saussurite 
Chlorite 
Epidote 
Mafic Index 
977-3 977-4 
Hornblende Gabbro Hornblende Pyroxene-Gabbro 
3 0 
19 0 
2 2 
26 0 
2 1 
9 4 
19 47 
0 0 
20 44 
0 2 
0 0 
60 30 
978-58 978-1 
Hornblende Gabbro Hornblende Quartz-Gabbro 
3 0 
12 0 
2 4 
30 0 
2 1 
5 0 
18 40 
8 0 
20 30 
0 5 
0 20 
55 40 
978-2 
Hornblende Quattz-Gabbro 
1 
15 
6 
21 
1 
1 
15 
0 
15 
25 
0 
20 
978-30 
978-29 
Hornblende Quartz-Gabbro 
0 
0 
3 
0 
1 
0 
39 
0 
57 
0 
0 
35 
978-34 
Hornblende Pyroxene-Gabbro Hornblende Pyroxene-Gabbro 
0 0 
0 0 
1 2 
0 0 
0 0 
1 1 
46 51 
0 0 
52 46 
0 0 
0 0 
35 30 
~ 
Appendix A: Part 1. Sample Classification and Modal Mineralogy - Gabbro 
SAMPLE 978-42 
Nama based on grain size Hornblanae Pyroxene-Gabbro 
Clinopyroxene 1 
Hornblende 32 
Quartz 3 
Plagioclase 48 
Oxides 1 
Zoisite 2 
Actinolite 13 
Tremolite 0 
Saussurite 0 
Chlorite 0 
Epidote 0 
Mafic Index 50 
Gabbro 
SAMPLE 978-37 
Nama basad on grain size Hornblende Gabbro 
Clinopyroxene 0 
Hornblende 0 
Quartz 1 
Plagioclase 0 
Oxides 0 
Zoisite a 
Actinolite 44 
Tremolite 0 
Saussurite 47 
Chlorite 0 
Epidote 0 
Mafic Index 45 
-0 
u. 
APPENDIX A: PART 1. Sample Classification and Modal Mineralogy- Mafic Dikes 
SAMPLE 977-2 978-11 978-43 978-50 978-52 
Name based on texture Porphyritic Diabase Porphyritic Diabase Porphyritic Aphanitic Porphyritic Diabase Porphyritic Diabase 
Name based on chemista: Basaltic Andesite Basaltic Andesite Andesite Basalt Basaltic Andesite 
Hornblende 0 0 0 0 0 
Quartz 3 7 4 2 7 
Plagioclase 25 31 21 4 10 
Oxides 0 0 0 0 0 
Zoisne 3 0 0 6 4 
Actinolite 37 39 35 48 40 
Chlorite 0 3 0 1 0 
Saussurite 30 20 40 36 33 
Epidote 2 0 0 3 4 
Muscovite 0 0 0 0 2 
Percent phenocrysts 8% 12% 5% 17% 17% 
SAMPLE 978-9 978-8 978-12 978-40 978-44 
Name basad on texture Porphyritic Diabase Porphyritic Aphanitic Porphyritic Diabase Aphanitic Diabase 
Name based on chemistr~::. Basalt Basaltic Andesite Basaltic Andesite Basaltic Andesite Basaltic Andesite 
Hornblende 0 0 0 35 0 
Quartz 4 5 7 8 4 
Plagioclase 0 25 13 56 5 
Oxides 0 0 0 3 0 
Zoisite 0 0 0 0 3 
Actinolite 51 45 40 0 53 
Chlorite 15 0 0 0 0 
Saussurite 30 25 40 0 35 
Epidote 0 0 0 0 0 
Muscovite 0 0 0 0 0 
Percent (!henDC!J:siS 11% 1% 4% 0% 1% 
-0 
"' 
APPENDIX A: PART I. Sample Classification and Modal Mineralogy- Mafic Dikes 
SAMPLE 
Name based on texture 
Name based on chemistry 
Hornblende 
Quartz 
Plagioclase 
Oxides 
Zoisite 
Actinolite 
Chlorite 
Saussurite 
Epidote 
Muscovite 
Percent phenocrysts 
SAMPLE 
Name based on texture 
Name based on chemistry 
Hornblende 
Quartz 
Plagioclase 
Oxides 
Zoisite 
Actinolite 
Chlorite 
Saussurite 
Epidote 
Muscovite 
Percent phenocrysts 
978-4 
Aphanitic 
Basaltic Andesite 
0 
3 
0 
1 
0 
55 
5 
36 
0 
0 
1% 
978-53 
Porphyritic Diabase 
Basait 
0 
2 
0 
0 
3 
41 
0 
54 
0 
0 
3% 
978-6 978-46 
Porphyritic Diabase Diabase 
Basaltic Andesite Basaltic Andesite 
0 0 
2 3 
0 0 
2 0 
0 0 
38 43 
15 0 
57 54 
0 0 
0 0 
15% 7% 
978-51a 978-51b 
Porphyritic Diabase Porphyritic Diabase 
Basaltic Andesite Basaltic Andesite 
0 0 
3 3 
0 0 
0 0 
5 6 
42 41 
0 0 
50 50 
0 0 
0 0 
1% 1% 
-0 
_, 
APPENDIX A: PART 1. Sample Classification and Modal Mineralogy- Felsic Dikes 
SAMPLE 977-7 978-5 978-45 978-47 978-54 978-57 
Name based on grain size Trondhjemite Porphyritic Aphanitic Trondhjemite Trondhjemite Aphanitic Trondhjemite 
Name based on geochemistry Porphyriti_c Na-rhyolite ___ _ _ _ Na-rilyolite 
Clinopyroxene 0 0 0 0 0 0 
Hornblende 0 0 0 0 0 0 
Quartz 15 20 41 42 14 33 
Plagioclase 45 57 17 13 53 37 
Oxides 0 trace trace 1 0 0 
Zoisite 0 0 0 0 0 0 
Saussurite 35 16 40 41 32 30 
Tremolite 0 0 0 0 0 0 
Chlorite 4 7 2 3 1 0 
Muscovite 1 0 0 0 0 0 
Percent phenoctysts 10% 6% 6% 5% 0 1% 
0 
00 
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APPENDIX A: PART 2. Strike and Dip Data for East-West Dikes and Layered Gabbro 
Attitude Dike Host/Adjacent Rock Location 
291 90 N Trondhjemite Diabase Dikes within and north of the 
300 64N Diabase Trondhjemrte Dike Swarm; 
063 55 s Diabase Gabbro Within the Dike Swarm 
275 73 s Diabase Diabase 
251 80s Diabase Gabbro 
082 90 N Trondhjemite Diabase 
252 65 s Porphyritic diabase Trondhjemite 
275 40 s Diabase Gabbro 
277 90 N Porphyritic diabase Trondhjemite 
276 60s Diabase Diabase 
070 90 N Diabase Trondhjemite 
277 84S Porphyritic diabase Diabase 
269 71 N Diabase Diabase 
077 89 N Trondhjemrte Diabase 
291 80 N Diabase Porphyritic diabase 
282 86 N Diabase Trondhjemite 
285 67 N Diabase Porphyritic diabase 
283 80 N Diabase Gabbro 
275 86 N Porphyritic diabase Diabase 
261 81 s Porphyritic diabase Diabase 
281 90 N Trondhjemite Diabase 
088 ns Porphyritic diabase Diabase 
269 80 N Porphyritic diabase Diabase 
275 78 N Porphyritic diabase Diabase 
265 73 N Trondhjemite Porphyritic diabase 
275 77N Trondhjemite Porphyritic diabase 
085 71 s Trondhjemite Diabase 
261 68 N Trondhjemite Porphyritic diabase 
251 81 s Trondhjemite Diabase 
301 90 N Trondhjemite Diabase 
267 90 N Trondhjemite Diabase 
350 90 N Mesozoic Quarz-rich Gabbro 
268 90 N Porphyritic diabase Porphyritic diabase 
270 80 N Porphyritic diabase Diabase 
290 85 s Diabase Diabase 
290 49 N Diabase TrondhJemite 
281 71 N Porphyritic diabase Porphyritic diabase 
253 84 N Trondhjemite Diabase 
325 65 N Diabase Peridotite xenolith in gabbro Ridges and vaDeys north of 
075 85 s Porphyritic diabase Diabase the Dike Swarm 
269 30 N Diabase Gabbro 
075 80s Diabase Gabbro 
080 90N Diabase Trondhjemite 
085 87 s Porphyritic diabase Diabase 
053 38 N Porphyritic diabase Gabbro 
290 64N Diabase Gabbro 
007 33 N Diabase Gabbro 
308 46 N Diabase Gabbro 
Mafic dikes were differentiated in the field based on the presence or absence of phenocrysts and 
classified as either porphyritic or non-porphyritic. Mafic dikes are listed above as porphyritic 
diabases and diabases. 15-20% of all mafic dikes are truly aphan1tic based on petrography. 
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APPENDIX A: PART 2. Strike and Dip Data for Dikes and Layered Gabbros (cont.) 
Attitude Dike Host/Adjacent Rock Location 
276 46N Diabase Gabbro Ridges and valleys north of 
289 74 N Diabase Gabbro the Dike Swarm (cont.) 
284 90 N Diabase Gabbro 
077 80 N Trondhjemite Porphyritic diabase 
289 728 Trondhjemite Diabase 
274 72 s Diabase Diabase 
269 80 N Diabase Trondhjemite 
087 90 N Diabase Trondhjemite 
329 72 s Diabase Gabbro 
316 65 s Porphyritic diabase Gabbro 
339 77 s Porphyritic diabase Gabbro 
278 76 N Porphyritic diabase Gabbro Ramshom C1913k South Fork 
295 86 N Porphyritic diabase Gabbro 
285 80s Diabase Gabbro 
305 78 s Diabase Gabbro 
312 38 N Diabase Gabbro 
270 48 s Porphyritic diabase Gabbro 
278 85 s Porphyrrtic diabase Gabbro 
299 60s Diabase Gabbro 
307 57 s Diabase Gabbro 
356 45 N Mesozoic mafic aphyric PeridotiTe xenolrth in gabbro Dikes south of Dike Swarm; 
295 65 N Diabase Trondhjemite Within the Cirques north of the 
273 80s Diabase Gabbro Bonanza King Lookout Tower 
082 90 N Trondhjemite Gabbro 
273 65 N Trondhjemite Diabase 
337 29 s Diabase Pegmatitic gabbro 
300 69 s Diabase Peridotite xenolith in gabbro 
065 57 s Trondhjemite Diabase 
086 45 N Course-grain gabbro Peridottte xenoltth in gabbro 
322 46 s Diabase Gabbro 
302 64 s Diabase Gabbro 
333 51 s Diabase Gabbro 
294 52 s Diabase Gabbro 
307 53 s Diabase Pyroxenite xenolith in gabbro " 
357 32 s Diabase Gabbro 
312 53 s Porphyritic diabase Peridotite xenolith in gabbro 
321 73 s Diabase Gabbro 
340 48 s Diabase Gabbro 
304 54 s Porphyritic diabase Gabbro 
300 55 s Diabase Gabbro 
310 40 s Diabase Peridotite xenolith in gabbro 
333 62 s Diabase Gabbro 
322 41 s Diabase Peridotite xenolith in gabbro 
337 68 s Diabase Peridotite xenolith in gabbro 
313 65 s Diabase Gabbro 
307 58 s Diabase Gabbro 
295 67 s Diabase Trondhjemite 
281 43 N Diabase Peridotite xenolith in gabbro 
317 73 s Diabase Diabase 
337 54 N Diabase Porphyritic diabase 
307 77 s Diabase Gabbro 
306 61 s Porphyritic diabase Gabbro 
276 72 s Diabase Porphynt1c diabase 
312 66 s Pol}lh~ritic diabase Pe~matitic gabbro 
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APPENDIX A: PART 2. Strike and Dip Data for Dikes and Layered Gabbros (cont.) 
Attitude Dike Host/Adjacent Rock Location 
289 86 s Diabase Trondhjemite Dikes south of Dike Swarm; 
320 46 s Diabase Pegmatitic gabbro 'Mthin the Cirques north of the 
279 90 N Diabase Trondhjemite Bonanza King Lookout Tower 
308 41 s Porphyritic diabase Diabase (cont.) 
306 24 s Trondhjemite Pyroxenite 
331 67 s Pegmetitic gabbro Diabase 
302 31 s Pegmetitic gabbro Diabase 
315 53 s Diabase Peridotite xenolith in gabbro .. 
314 61 s Porphyritic diabase Gabbro 
319 47 s Diabase Peridotite xenolith in gabbro 
312 53 s Trondhjemite Diabase 
321 60 s Trondhjemite Diabase 
317 44 s Trondhjemite Porphyritic diabase 
311 63 s Porphyritic diabase Porphyritic diabase 
305 63 s Porphyritic diabase Pegmatitic gabbro 
314 70s Diabase Pegmatitic gabbro 
302 69 s Diabase Trondhjemite 
276 62 N Diabase Trondhjemite 
293 42 s Diabase Gabbro 
311 58 s Diabase Pegmatitic gabbro 
305 51 s Diabase Pegmatitic gabbro 
306 54S Diabase Pegmatitic gabbro 
303 60s Diabase Porphyritic diabase 
295 67 s Diabase Pegmatitic gabbro 
096 57 s Porphyritic diabase Gabbro 
310 42 s Diabase Gabbro 
324 60s Diabase Gabbro 
318 62S Porphyritic diabase Gabbro 
331 76 s Diabase Gabbro 
309 45 s Diabase Gabbro 
310 65 s Porphyritic diabase Gabbro 
267 43 s Porphyritic diabase Gabbro 
318 56 s Diabase Gabbro 
327 55 s Porphyritic diabase Gabbro 
293 54$ Diabase Gabbro 
303 80 N Porphyritic diabase Gabbro 
318 41 s Trondhjemite Gabbro 
313 56S Diabase Gabbro 
048 18 s Porphyritic diabase Gabbro 
330 56S Micro-gabbro Diabase 
096 72 s Diabase Gabbro 
307 68 s Trondhjemite Gabbro 
305 79 s Porphyritic diabase Gabbro 
160 45 s Porphyritic diabase Pyroxenite xenolith in gabbro Scorpian Creek 
280 33 s Diabase Peridotite xenolith in gabbro 
003 29 N Mesozoic mafic aphyric Pyroxenite Along main road, east of 
012 30 N Mesozoic mafic aphyric Pyroxen~e Trinfly River Campground 
303 75 N Layered Gabbro 'Mthin the Cirques north of the 
296 62 N La~ered Gabbro Bonanza Kinfl. Lookout Tower 
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APPENDIX A: PART 3. Location of Samples from the Bonanza King MK 
Sample Numbers Latitude Longitude 
977-2- 977-5 41" 5' 12" N 122' 37' 13 • w 
977-6-977-8 41" 5' 11 " N 122" 37' 17" w 
978-1 - 978-2 41" 7' 39. N 122" 38' 6" w 
978-3 - 978-4 41" 7' 36" N 122' 37' 60. w 
978-5 - 978-9 41" 7' 17" N 122" 39' 33. w 
978-10-976-12 41" 7' 10" N 122' 39' 26" w 
978-29 41" 4' 6" N 122" 37' 57" w 
978-30 - 978-33 41" 4' 12" N 122" 37' 50" w 
978-34 - 978-36 41" 4' 18 II N 122" 38' 4" w 
978-37 41" 4' 34. N 122" 37' 57" w 
978-38 41" 4' 58" N 122" 37' 36. w 
978-39 -978-40 41' 5' 59" N 122' 42' 28. w 
978-41 41" 7' 34" N 122" 41' 57" w 
978-42 • 978-57 41' 5' 25" N 122' 37' 36. w 
978-58 - 978-59 41" 5' 27" N 122" 38' 11 II w 
978-86 41" 5' 43 II N 122" 40' 23" w 
I 13 
APPENDIX B: PART 1. Major and Trace Element Abundances 
Major elements BOnanza King l!.l(roxenifis Bonanza Klng gabbros 
lnwt% 978-33 977-6 978-86 978-32 978-34 978-29 978-30 
Si02 40.75 45.09 49.29 52.15 46.80 46.88 47.59 
Ti02 0.44 0.11 0.11 0.26 0.18 0.16 0.14 
AlzOa 13.62 472 529 2.67 17.79 18.72 18.52 
Fe,03 11.65 7.76 4.99 8.22 7.49 3.98 5.05 
MnO 0.15 0.12 0.11 0.14 0.13 0.08 0.10 
MgO 17.66 24.06 19.66 18.75 8.86 9.46 9.42 
CaO 10.02 10.76 17.53 14.88 12.52 14.33 12.97 
Na20 0.21 0.00 0.10 0.21 0.84 1.04 0.71 KP 0.02 0.01 0.01 0.02 0.05 0.02 0.01 
P20 5 0.03 0.03 0.06 0.05 0.04 0.04 0.05 
L.O.I 5.03 5.14 2.41 1.67 2.14 1.51 2.16 
Total 99.57 97.81 9955 99.01 96.84 96.25 96.72 
Mg# 0.71 0.84 0.87 0.79 0.66 0.80 0.75 
M.l. (mafic index) 0.42 0.26 0.22 032 0.48 0.31 0.37 
Trace elements in ppm 
Y (XRF) 2.54 3.05* 3.99* 0.15 0.00 1.47 0.28 
Zr (XRF) 16.00 11.29 13.71 14.18 18.33 19.60 17.21 
Cr (XRF) 424.99 2082.80 1183.60 1658.50 67.44 191.41 48.32 
Ni (XRF) 234.46 761.83 276.37 379.53 77.63 85.20 50.72 
Sr (XRF) 35.41 12.20 17.71 12.57 73.19 66.41 61.72 
La 0.25 0.29 0.27 
Ce 0.42 0.22 0.62 
Pr 0.08 0.09 0.14 
Nd 0.39 0.43 0.85 
Sm 0.20 024 0.47 
Eu 0.10 0.12 0.25 
Gd 0.37 0.44 0.77 
Tb 0.08 0.10 0.17 
Dy 0.58 0.70 1.20 
Ho 0.12 0.15 0.28 
Er 0.35 0.42 0.78 
Tm 0.05 0.06 0.11 
Yb 0.31 0.36 0.69 
Lu 0.05 0.05 0.11 
Ba 5.00 4.00 6.00 
Th 0.06 0.02 0.07 
Nb 0.05 0.04 0.09 
Hf 0.08 0.09 0.22 
Ta 0.01 0.00 0.01 
u O.Q1 0.01 O.Q1 
Pb 0.13 0.11 0.27 
Rb 0.70 0.30 0.60 
0.12 0.02 0.03 
45.50 6110 47.50 
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APPENDIX B: PART 1. Major and Trace Element Abundances (cont.) 
Major elements gaililro cont 
inwt% 978-37 977-3 978-58 978-1 978-2 977-4 978-42 
Si02 49.48 50.24 50.41 5368 54.30 54.44 54.57 
Ti02 0.33 0.34 054 0.70 0.38 0.36 0.67 
AI,O, 19.46 10.98 16.32 17.34 18.42 17.60 15.19 
Fe,03 5.40 9.62 8.25 8.84 5.33 7.63 8.94 
MnO 0.08 0.18 0.14 0.14 0.10 0.13 0.17 
MgO 6.52 12.54 9.10 5.84 6.47 7.82 6.52 
cao 11.38 10.37 9.49 7.65 10.70 11.08 6.82 
Na20 2.05 0.76 3.11 3.34 2.65 1.41 5.19 
K,O 0.02 0.02 0.17 0.14 0.22 0.04 0.05 
P,o, 0.05 0.05 0.07 0.07 0.05 0.05 0.06 
L.O.I 1.88 1.75 2.04 2.91 1.50 2.02 1.54 
Total 96.65 96.86 99.62 100.65 100.12 102.58 99.72 
Mg# 0.66 0.68 0.64 0.52 0.66 0.63 0.54 
M.l. (mafic index) 0.48 0.46 0.50 0.62 0.47 0.52 0.60 
Trace elements in ppm 
Y (XRF) 7.11 8.26 8.18 19.15 15.58 6.62 14.77 
Zr (XRF) 25.93 22.79 38.44 40.42 30.68 25.85 33.52 
Cr (XRF) 43.29 589.17 392.39 145.85 167.90 158.47 177.10 
Ni (XRF) 45.98 172.21 166.42 57.87 76.28 120.23 71.39 
Sr (XRF) 94.70 57.24 130.77 100.72 88.56 90.48 65.42 
La 0.71 1.85 0.70 0.69 1.22 
Ce 1.62 4.24 2.29 1.85 3.44 
Pr 0.28 0.64 0.46 030 0.55 
Nd 1.58 3.23 2.96 1.69 3.19 
Sm 0.76. 1.28 1.41 0.73 1.30 
Eu 0.32 0.55 0.57 0.36 0.43 
Gd 1.18 1.71 2.07 1.07 1.93 
Tb 0.25 0.34 0.42 0.22 0.36 
Dy 1.69 2.26 2.86 1 53 2.46 
Ho 0.38 0.51 0.64 0.33 0.57 
Er 1 "11 1.41 1.83 0.95 1.60 
Tm 0.16 0.21 0.27 0.14 0.23 
Yb 1.04 1.33 1.75 0.93 1.50 
Lu 0.17 0.21 028 0.15 0.24 
Ba 6.00 29.00 17.00 900 17.00 
Th 0.18 0.30 0.16 0.09 0.12 
Nb 0.58 0.53 0.25 0.24 0.30 
Hf 0.50 0.79 0.76 0.54 0.86 
Ta 003 0.04 0.02 0.02 0.02 
u 0.04 0.09 0.05 0.03 0.04 
Pb 0.21 0.25 0.32 0.23 0.21 
Rb 0.90 2.10 1.70 0.80 0.50 
Cs 0.04 0.05 0.07 0.04 0.04 
Sc 69.70 44.40 39.50 54.00 43.60 
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APPENDIX B: PART I. Major and Trace Element Abundances (cont.) 
Major elements BOna!!za Ring mafic ihli:!l!l 
inwt% 978-4 978-11 978-9 978-53 978-50 978-40 978-44 
Si02 48.67 50.09 51.10 52.01 53.11 53.16 53.55 
no2 0.84 0.45 0.37 0.49 0.50 1.14 0.44 
AI20 3 14.55 16.98 16.74 15.84 15.88 15.28 1526 
Fe20 3 9.56 6.74 6.18 8.38 7.09 8.36 6.64 
MnO 0.15 0.13 0.09 0.13 0.10 0.12 0.12 
MgO 9.70 7.81 9.15 10.03 7.21 7.83 8.57 
CaO 10.46 9.61 12.11 6.07 7.64 7.94 9.70 
Na,o 2.76 3.02 2.14 4.29 3.35 4.58 1.86 
K20 0.11 0.02 0.50 0.10 0.10 0.17 0.09 
P,o. 0.16 0.06 0.05 0.05 0.06 0.25 0.05 
LO.I 4.29 3.50 1.47 4.98 2.10 1.53 2.49 
Total 101.26 98.40 99.90 102.35 97.15 100.35 98.76 
Mg# 0.62 0.65 0.71 0.66 0.62 0.60 0.68 
M.L (mafic index) 0.52 0.49 0.42 0.48 0.52 0.54 0.46 
Trace elements in ppm 
Y (XRF) 19.72 10.69 9.59 11.34 18.75 14.84 16.66 
Zr (XRF) 79.80 26.94 27.09 28.72 35.58 118.88 25.78 
Cr (XRF) 798.79 236.11 188.30 476.48 173.55 405.57 352.25 
Ni (XRF) 184.79 84.05 75.54 201.91 84.90 172.28 107.16 
Sr (XRF) 305.91 47.56 107.98 84.46 99.43 354.35 71.71 
La 0.54 0.40 0.61 1395 0.88 
Ce 1.70 1.18 2.46 26.14 2.29 
Pr 0.34 0.26 0.46 3.49 0.37 
Nd 2.18 1.65 2.80 15.64 2.25 
Sm 1.05 0.84 1.33 3.98 1.08 
Eu 0.46 0.39 0.52 1.33 0.38 
Gd 1.66 1.40 2.04 3.77 1.69 
Tb 0.33 0.28 0.41 0.61 0.34 
Dy 2.34 1.95 2.83 3.58 2.40 
Ho 0.53 0.43 0.63 0.68 0.54 
Er 1.51 1.27 1.81 1.83 1.56 
Tm 0.23 0.19 0.27 0.26 0.23 
Yb 1.41 1.22 1.67 1.66 1.44 
Lu 0.22 0.19 0.27 0.25 0.23 
Ba 6.00 49.00 29.00 62.00 30.00 
Th 0.09 0.06 0.13 1.51 0.58 
Nb 0.17 0.16 0.22 7.95 0.26 
Hf 0.70 0.56 0.86 2.69 0.69 
Ta 0.02 0.01 0.02 0.53 0.02 
u 0.03 0.02 0.04 0.59 0.08 
Pb 0.22 0.21 0.30 2.47 0.42 
Rb 0.70 3.60 1.90 0.90 4.20 
Cs 0.04 0.09 0.12 0.02 0.28 
Sc 39.90 47.00 36.30 25.40 40.60 
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Major elements mafic dikes cont. 
lnwt% 978·52 978-46 978·51a 978-8 978-51b 978-12 978·6 
Si02 53.76 53.86 54.40 54.61 54.66 55.53 5568 
no, 0.50 0.74 0.51 0.64 0.50 0.49 1.27 
Al20 3 18.19 18.22 17.21 17.29 16.96 17.58 16.63 
Fe,03 6.86 8.92 6.78 7.66 6.88 5.06 10.07 
MnO 0.07 0.13 0.07 0.11 0.07 0.06 0.11 
MgO 6.46 5.59 5.79 7.46 5.97 5.79 4.62 
CaO 8.98 11.43 9.19 8.30 8.92 9.89 6.69 
Na,o 2.72 0.74 2.69 3.11 2.72 2.56 2.28 
K20 0.15 0.05 0.15 0.44 0.14 0.16 0.20 
P20s 0.06 0.06 0.05 0.06 0.06 0.05 0.20 
L.O.I 3.10 2.32 4.03 2.10 4.11 1.86 3.18 
Total 100.85 102.07 100.88 101.78 100.99 9902 100.92 
Mg# 0.61 0.51 0.58 0.61 0.59 0.65 0.43 
M. L (mafic index) 0.54 0.64 0.56 0.53 0.56 0.49 0.70 
Trace elements In ppm 
Y (XRF) 14.71 8.88 13.60 19.27 20.58 19.09 27.68 
Zr (XRF) 34.16 19.01 36.67 36.32 38.81 33.16 46.92 
Cr (XRF) 125.96 58.14 106.27 82.80 118.93 62.24 88.40 
Ni (XRF) 61.83 32.09 64.81 64.45 56.26 54.96 24.27 
Sr (XRF) 96.90 53.61 92.33 77.50 93.94 112.12 102.58 
La 0.75 0.51 055 
Ce 2.32 1.99 1.76 
Pr 0.45 0.43 0.36 
Nd 2.77 2.80 2.28 
Sm 1.34 1.38 1.16 
Eu 0.50 0.55 0.52 
Gd 2.08 2.19 1.87 
Tb 0.42 0.44 0.38 
Dy 2.86 3.04 2.59 
Ho 0.65 0.67 0.61 
Er 1.81 1.86 1.72 
Tm 0.27 0.28 0.26 
Yb 1.75 1.81 1.63 
Lu 0.28 0.29 0.27 
Ba 27.00 35.00 19.00 
Th 0.13 0<03 0.03 
Nb 0.25 0.16 0.22 
Hf 0.91 0.91 0.74 
Ta 0.02 0.02 0.02 
u 0.04 0.02 0.02 
Pb 0.29 0.11 0.27 
Rb 2.60 2.60 1.80 
Cs 0.13 0.14 0.11 
Sc 38.70 39.60 43.80 
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Major elements mafic i11~es con1, BOnanza Kmo felsic ilikes 
inwt% 977-2 978-43 978-54 978-5 977-7 978-57 978-47 
Si02 56.58 60.09 72.17 72A8 76.20 76.69 76.81 
Ti02 0.57 0.60 0.35 0.33 0.20 0.27 0.24 
Al20 3 17 14 16.66 15.22 14.58 13.58 13.33 13.44 
Fe,03 5.10 4.64 2.95 363 1.72 0.01 1.10 
MnO 0.05 0.09 0.03 0.03 0.03 0.01 0.03 
MgO 4.63 4.53 0.73 1.39 0.42 0.25 0.25 
CaO 6.64 8.41 2.15 2.69 1.90 3.36 2.92 
Na,o 2.90 3.54 6.44 3.87 5.42 4.65 4.42 
K20 0.15 0.18 0.02 0.56 0.07 0.11 0.12 
P,Os O.Q7 0.06 0.09 0.06 0.04 0.04 0.03 
L.O.I 1.57 1.10 0.79 1.57 0.69 0.69 0.49 
Total 97.41 99.91 100.95 101.18 100.26 99.42 99.85 
Mg# 0.60 0.61 0.29 0.38 0.29 0.98 0.27 
M. I. (mafic index) 0.55 0.53 0.82 0.74 0.82 0.03 0.83 
Trace elements in ppm 
Y (XRF) 26.85 26.50 49.47 40.09 43.78 11.42 3.64 
Zr (XRF) 44.53 51.75 87.24 67.52 112.63 109.80 176.27 
Cr (XRF) 59.40 173.04 0.00 11.42 0.00 0.00 0.00 
Ni (XRF) 45.74 73.04 11 '17 15.07 30.68 13.22 16.47 
Sr (XRF) 119.35 100.61 66.36 67.96 53.04 53.83 78.12 
La 1.39 1.35 1.23 2.73 1.03 
Ce 3.98 3.83 3.51 8.38 3.13 
Pr 0.69 0.66 0.56 1.40 0.52 
Nd 4.16 3.95 2.96 7.62 2.82 
Sm 1.83 1.78 0.99 2.94 0.94 
Eu 0.71 0.66 0.69 0.85 0.54 
Gd 2.79 2.69 1.19 3.92 1.13 
Tb 0.56 0.51 0.23 0.76 0.20 
Dy 3.72 3.55 1.70 5.28 1.37 
Ho 0.86 0.80 0.41 1.19 0.31 
Er 2.43 2.26 1.47 3.55 1.00 
Tm 0.36 0.34 0.26 0.56 0.17 
Yb 2.28 2.14 1.98 3.84 1.30 
Lu 0.37 0.35 0.38 0.64 0.25 
Ba 47.00 28.00 35.00 36.00 23.00 
Th 0.34 0.28 0.09 0.31 0.08 
Nb 0.39 0.37 0.53 0.57 0.44 
HI 1.27 1.24 4.28 3.53 3.15 
Ta O.o3 0.03 0.04 0.06 0.03 
u 0.09 O.D7 0.07 0.12 0.05 
Pb 0.32 0.33 0.83 0.52 0.51 
Rb 3.60 2.60 1.20 1.00 1.50 
Cs 0.18 0.18 0.05 0.04 0.04 
Sc 36.60 36.60 2.20 7.30 1.50 
APPENDIX B: PART 1. Major and Trace Element Abundances (cont.) 
Major elemenfl!i 
lnwt% 
Si02 
TiO, 
Al,o, 
Fe,03 
MnO 
MgO 
CaO 
Na20 
K20 P,o. 
L.O.I 
Total 
Mg# 
M.l. (mafic index) 
fiils1c d•kes cont 
978-45 
76.91 
0.29 
13.41 
0.48 
0.02 
0.02 
2.93 
5.27 
0.02 
0.04 
0.36 
99.75 
0.07 
0.96 
Trace elemenfl!i In ppm 
Y (XRF) 5.11 
Zr (XRF) 89.49 
Cr (XRF) 0.00 
Ni (XRF) 18.22 
Sr (XRF) 47.94 
La 1.50 
Ce 5.17 
Pr 0.99 
Nd 6.11 
Sm 2.48 
Eu 0.71 
Gd 3.55 
Tb 0.70 
Dy 4.90 
Ho 1.12 
Er 3.31 
Tm 0.51 
Yb 3.36 
Lu 0.54 
Ba 41.00 
Th 0.12 
Nb 0.36 
Hf 2.32 
Ta 0.04 
u 0.07 
Pb 0.15 
Rb 3.30 
Cs O.Q7 
Sc 13.70 
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APPENDIX B: PART 2. Precision and Accuracy for XRF and ICPMS Analyses 
Primary calibration standards for the Rigaku 3030 X-ray Fluorescence 
Mass Spectrometer. Standards are United States Geological Survey, 
National Bureau of Standards and French Standards. 
Major Elements 
DNC-1 
BHV0-1 
PCC-1 
AGV-1 
GS-N 
GA 
W-2 
BR 
Sco-1 
STM·1 
GSP-1 
RGM-1 
QL0-1 
AL-1 
Trace Elements 
G-2 
W-2 
BIR-1 
BHV0-1 
RGM-1 
QL0-1 
PCC-1 
Sco-1 
AGV-1 
GSP-1 
AN-G 
DR-N 
GS-N 
MAG-1 
Mica Mg 
NBS-688 
Accuracy for the Rigaku 3030X-ray Fluorescence Mass Spectrometer 
NBS-688 (major element), USGS standard MAG-1 
(trace elements} and Rh X-ray tube installed Aug. 1994. 
Element %error 
Si02 0.7 
AI,03 0.5 
Ti02 0.7 
Fe,03 2.6 
MgO 2.4 
CaO 1.5 
Na20 0.9 
K20 2.3 
MnO 8.2 
P2o, 18.6 
Rb 0.9 
Sr 2.1 
Zr 1 8 
y 11.2 
Nb 13.3 
Cr 27.5 
Ni 3.5 
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APPENDIX B: PART 2. Precision and Accuracy for XRF and ICPMS Analyses 
Precision of the Rigaku 3030 X-ray Fluorescence Spectrometer. 
Precision is determined using standard GA (granite) for major elements XRF anaysis, 
USGS standard DNC-1 for trace elements Cr and Ni, standard MAG-1 for trace elements 
Rb, Sr, Y, Zr, and Nb, and Rh X-ray tube installed Aug. 1994. 
Published Mean of 11 Standard (+/-Precision) (+/-Accuracy) 
Element concentrations reelicate anal~ses deviation 
Si02 69.9 69.7 0.1771 0.3 0.3 
Al203 14.5 14.99 0.1119 0.7 3.4 
Ti02 0.38 0.362 0.0097 2.7 4.7 
Fe203 2.83 2.74 0.0251 0.9 3.1 
MgO 0.95 0.71 0.0128 1.8 25.1 
GaO 2.45 2.15 0.0378 1.8 12.2 
Na20 3.55 3.45 0.0453 1.3 2.7 
1<20 4.03 3.786 0.0911 2.4 6.0 
MnO 0.09 0.085 0.0015 1.8 6.0 
P205 0.12 0.124 0.0045 3.6 3.5 
Published Mean of 13 Standard (+/-Precision) (+/-Accuracy) 
Element concentrations rej:!licate anal~ses deviation 
Rb 149 157.1 2.342 1.5 5.5 
Sr 146 146.9 1.6 1.1 0.6 
y 28 26 1.846 7.1 7.2 
Zr 126 119.4 2.508 2.1 5.3 
Nb 12 16.7 1.764 10.6 38.8 
Published Mean of 12 Standard (+/-Precision) (+/-Accuracy) 
Element concentrations f!![!licate anal~ses deviation 
Cr 285 291 5.58 1.9 21 
Ni 247 259.7 4.38 1.7 8.9 
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Accuracy for the Inductively Coupled Plasma- Mass Spectrometer (ICPMS). 
USGS standard BHV0-1 was used as a reference. Published value from 
Govindaraju, 1994, and used to construct calibration curves. This information, 
dated Dec. 1994, was provided by WSU GeoAnalytical Laboratory. 
Element Published WSUICPMS % 
eem value value Accuracy 
La 15.8 15.65 0.95 
Ce 39 37.07 4.95 
Pr 5.7 5.52 3.16 
Nd 25.2 25.28 0.32 
Sm 6.2 6.2 0.00 
Eu 2.06 2.12 2.91 
Gd 6.4 6.27 2.03 
Tb 0.96 0.96 0.00 
Dy 5.2 5.19 0.19 
Ho 0.99 0.93 6.06 
Er 2.4 2.41 0.42 
Tm 0.33 0.34 3.03 
Yb 2.02 2.02 0.00 
Lu 0.29 0.28 3.45 
Ba 139 133 4.32 
Th 1.08 125 15.74 
Nb 19 17.61 7.32 
Hf 4.38 4.34 0.91 
Ta 1.23 1.25 1.63 
u 0.42 0.39 7.14 
Pb 2.6 9.95 282.69 
Rb 11 10.1 8.18 
Cs 0.13 0.12 7.69 
Sc not reported 
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APPENDIX B: PART 2. Precision and Accuracy for XRF and !CPMS Analyses 
Precision of the Inductively Coupled Plasma- Mass Spectrometer (ICPMS). 
Data reported is from twenty-tour replicate analysis of Washington State 
in-house standards BCR-P 
Element Mean of24 Standard Mean relative 
eem reelicate anal~sis deviation %error 
La 26.26 0.49 1.86 
Ce 51.67 0.62 1.2 
Pr 6.32 0.06 0.98 
Nd 27.36 0.48 1.75 
Sm 7.03 0.15 2.07 
Eu 2.13 0.05 2.48 
Gd 6.75 0.08 1.13 
Tb 1.17 0.01 1.12 
Dy 7.14 0.1 1.33 
Ho 1.44 0.02 153 
Er 4.05 0.06 1.37 
Tm 0.55 0.01 1.23 
Yb 3.36 0.03 0.94 
Lu 0.52 0.01 1.9 
Ba 670 13 1.89 
Th 5.13 0.49 9.5 
Nb 13.31 0.29 2.16 
Hf 4.67 0,07 1.47 
Ta 0.82 O.D2 2.7 
u 1.15 0.11 9.34 
Pb 9.11 0.29 3.23 
Rb 48.1 0.7 1.39 
Cs 096 0.03 3.06 
Sc not reported 
APPENDIX C: Equations 
FeO 
FeO ~ (Total Fe00, - Fe:,03)/0.89 
where. 
XRF analysis calculated Fe concentrations as Total Fe:,O, 
and, 
Fe20 3 ~Total Fe20, * 0.135 
M.I. (Mafic Index) 
Mg# 
Loss on ignition 
M.l. = FeO/FeO+MgO 
where, 
FeO is Total Fe() (all Fe expressed as FeO) 
and, 
Total Fe(): (Fe,O, * 0.89) + FeO 
Mg# = Mg!Mg+Fe 
where) 
Mg = Mg0/40.30 
Fe = Fc017L85 
LOl =[(weight,- weightr) I weight, I x 100% 
where, 
weight, - weightr = weight of water in the sample 
weight,= weight of the sample 
Accumulation equation 
where. 
C,1 = concentration in cumulate 
Co = concentration in the source magma 
D = bulk distribution coefficient 
F = fraction of liquid remaining after fractional crystallization 
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APPENDIX C: Equations (cont.) 
Fractionation equation 
where. 
C1 concentration in the liquid phase 
Co= concentration in the solid phase 
D ~bulk distribution coefficient 
F ~ fraction of liquid remaining after fractional crystallization 
Modal partial melts 
C1 = CJ[D + F(l-D)] 
where, 
C1 = concentration in the liquid 
c. = concentration in the solid 
D =bulk distribution coefficient based on the mode of the mantle and melting 
F fraction of melt generated 
Non-modal partial melts 
Residue mantle 
C1 = CJ[D + F(l-P)) 
where, 
C1 = concentration in the liquid 
Co = concentration in the solid 
0 = distribution coefficient based on the mode of the mantle 
P = distribution coefficient based on the mclling mode 
F = fraction of melt generated 
c,.= c,•o 
where. 
C, = the concentration of the residue 
0 = distribution coefficient based on the mode of the mantle 
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APPENDIX C: Equations (cont.) 
Composition of metasomatized mantle 
C,. = (Cr*0.99) + (S*O.OI) 
where, 
Crn the concentration of the metasomatized mantle 
S = the concentration of fluids/partial melts of subducted oceanic crust 
or. 
Crn = (Cr*0.96) + (S*0.04) 
or, 
C,. = (Cr*0.98) + (S*O.Ol) + (OJB•O.Ol) 
where, 
Offi = the concentration of fluids derived from an oceanic island basalt (Offi) source. 
Partial melting of a metasomatized source (non-modal melting) 
C1 = Cj[D + F( 1-P)] 
where, 
C1 = concentration in the liquid 
c. = concentration in the metasomatized source 
D =bulk distribution coefficient based on the mode of the mantle and melting 
F = fraction of melt generated 
Local Address: 
2380 Natalie Avenue 
Las Vegas, NV 89109 
Home Address: 
7980 14 7th Street 
Miami, Fl33158 
Degrees: 
VITA 
Graduate College 
University ofNevada, Las Vegas 
Keith Willse 
Bachelor of Arts, Geology, 1995 
University of South Florida 
Awards: 
Geological Society of America Research Grant, 1997-1998 
Funding for this project came from a three year research grant awarded to Dr. Rodney 
V. Metcalf and Dr. E Timothy Wallin hy the Geological Society of America 
Bernada E. French Scholarships, 1998, 1997 
Publications: 
Metcalf, R V., Wallin, E. T., Willse, K. R., and Muller, E., R., in press, Geology and 
geochemistry of the ophiolitic Trinity terrane, California: Evidence of mid-Paleozoic 
ultradepleted supra-subduction zone magmatism in a proto-arc setting. 
Willse, K. R., Metcalf, R. V., and Wallin, E. T., 1998, Emplacement and petrogenesis of 
the Lower Silurian Bonanza King mafic intrusive complex, Trinity terrane, northern 
California: Geological Society of America Abstracts with Pro~:,rrams, v. 30, no. 5, p. 
A70. 
Willse, K. R., and Ryan, J. G., 1996, A comparative geochemical study of meta-mafic 
rocks of the southern Blue Ridge: Geological Society of America Abstracts with 
Programs, v. 28, n. 2, p. ASO. 
126 
